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General Introduction 

 

Understanding the structure‒property relationship of -conjugated molecules is essential in designing and 

controlling the electronic properties of these molecules. Consequently, the optoelectronic characteristics of 

-conjugated systems, including photo-absorptions, emissions, redox behaviors, magnetisms, and carrier 

mobility, have received considerable attention for the potential applications of organic devices. Furthermore, 

various chemical functionalization toward -conjugated systems has allowed chemists to address the precise 

control of the electronic properties.1 As a result, many aromatic molecules consisting of benzene-like 

hexagons have been developed as fundamental units for functional organic materials.2   

Unsaturated hydrocarbons composed of cyclic sp2-carbon networks are the essential skeleton of -

conjugated molecules. Depending on the topology of the sp2-carbon network, unsaturated hydrocarbons can 

be divided into two categories.3 -Conjugated carbocycles containing odd-membered rings are called as non-

alternant hydrocarbons. When one alternately assigns stared (*) and non-stared marks (○) to the sp2 carbon 

atoms of these hydrocarbons, the same marks are inevitably next to each other (Figure 1A). On the other 

hand, in alternant hydrocarbons such as benzene and naphthalene, the alternative assignment of the two marks 

to the sp2 carbons is always realized (Figure 1B). 

 

 

Figure 1. Examples of (A) non-alternant and (B) alternant hydrocarbons. 

 

The intriguing sp2-carbon network of non-alternant hydrocarbons has been a significant motivation for the 

research because of their optoelectronic properties, (anti)aromaticity, and magnetisms, which are never 

shared by alternant hydrocarbons. Over the passed 15 years, the chemistry of nonalternant hydrocarbons has 

experienced a remarkable renaissance thanks to advances in synthetic methodologies, computational 

techniques, and surface syntheses and observations. Ring-annulated nonalternant π-systems, in which some 

benzenoid rings are attached into the nonalternant frameworks, are the key players in their resurgence.4 A 

fusion of benzenoid rings to the nonalternant π-systems (benzo-annulation) is the simplest way to construct 

the π-extended nonalternant hydrocarbons. The ring annulation impacts the electronic structures of 

nonalternant subunits, which modulates the highest occupied molecular orbital (HOMO)–the lowest 

unoccupied molecular orbital (LUMO) gap and creates perturbations in their inherent (anti)aromatic nature. 

For example, non-alternant hydrocarbons in which the naphthalene ring in benzo[a]pyrene is replaced by one 

and more azulene ring(s) have provided profound insights into the relationship between molecular structure 
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and the main π-conjugated system (Figure 2).5  

 

  

Figure 2. Non-alternant isomers of benzo[a]pyrene. Bold lines represent the embedded azulene skeleton. 

 

On the other hand, benzo-annulations of a non-alternant hydrocarbon provide another aspect of 

incorporating quinoid structures into the non-alternant system. There are three types of quinoidal structures, 

o-, p-, and m-quinoidal scaffold (Figure 3). Although they have open-shell characters in their ground states, 

the most significant difference among them is the spin multiplicity in the ground state. The ground states of 

o- and p-quinoid are singlet because of the contribution of closed-shell Kekulé canonical structures. In 

contrast, m-quinoid is a non-Kekulé diradical. Due to the degenerate singly occupied molecular orbitals 

(SOMOs) with a non-disjoint feature, m-quinoid has a triplet ground state. The embedment of quinoidal 

scaffold significantly impacts the electronic properties of -extended non-alternant hydrocarbons.   

 

 

Figure 3. Quinoidal structures. 

 

Recent studies on the π-extended indacenes (indenofluorenes) are landmark examples of how the 

embedded quinoidal structures can affect the electronic properties of the indacene core. The reported ground 

states vary from closed-shell to open-shell singlet/triplet states depending on the ring-fusion patterns (Figure 

4).6 The small HOMO‒LUMO gaps, ambipolar redox properties and near-infrared absorptions of these -

extended non-alternant systems demonstrate the possibility of their application as functional organic 

materials.  

In this thesis, the author focused on bicyclic non-alternant hydrocarbons, azulene 1, heptalene 2, and 

pentalene 3, which are the most fundamental scaffolds in a series of non-alternant hydrocarbons.  

Azulene 1 is an aromatic 10π-electron system consisting of a fused pentagon-heptagon network. While 

naphthalene, a structural isomer of azulene, is a colorless (λmax = 312 nm) and nonpolar compound, azulene 

exhibits a blue color (λmax = 585 nm) with an abnormal anti-Kasha’s emission and a significant dipole moment 

(1.08 D). The charge-separated canonical structures of azulene, which are described as the superposition of 

an aromatic cyclopentadienide and tropylium ions, nicely explain the dipole moment (Figure 5A). 
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Figure 4. π-Extended indacenes (indenofluorenes) with their ground state electronic configurations.  

 

Its HOMO is mainly distributed on the pentagon, but the LUMO exists on the heptagon (Figure 5B). This 

unsymmetric distribution of the coefficients of the frontier orbitals leads to a decrease in the mutual electron 

repulsions in the first excited state, giving a lower transition energy than that anticipated from the HOMO–

LUMO gap. These peculiar properties of azulene have driven many chemists to the development of azulene-

based materials as multi-stage and stable redox systems7, near-infrared absorbers8, and electronic devices9 

(Figure 5C). 

 

 

Figure 5. (A) Canonical structures of azulene 1. (B) Frontier molecular orbitals of azulene and naphthalene 

calculated by the Hückel theory. (C) Example of azulene based material for electronic device. 

 

Heptalene 2 consists of two fused cycloheptatrienes with 12π electrons (Figure 6A). In comparison to other 

nonalternant hydrocarbons, the most notable feature of 2 is its twisted molecular geometry with negative 

curvature, leading to a non-aromatic character, regardless of its 4n-system. In 1961, the first synthesis of 

the pristine heptalene 2 was reported as a thermally unstable compound, which readily decomposed by self-

polymerization at localized double bonds. The introduction of electron-withdrawing groups enhanced the 

stability of 2; the derivatives with dimethoxycarbonyl (2a) were isolated in crystal forms (Figure 6B).10 Due 

to its nonplanar geometry, 2 possesses four isodynamic structures that are interconvertible via ring inversion 

and/or bond shift in a dynamic equilibrium with one another (Figure 6C).11 The study of both dynamic 

processes has provided insights into their transition states, in which heptalene 2 assumes a planar geometry 

with an enhanced 4nπ-character. However, heptalene derivatives with a planar structure have not been 
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reported so far. Therefore, the experimental investigations of the physical properties of a planar heptalene, 

such as their antiaromaticity, have remained unexplored. 

 

Figure 6. (A) Structure of heptalene 2. (B) Crystal form of heptalene derivative 2a. (C) Dynamic process of 

heptalene 2.   

 

Pentalene 3, due to its 8π-antiaromatic nature, readily dimerizes above −196 °C.12 The 1,3,5-tri-tert-butyl 

derivative 3a is kinetically stabilized to be isolated.13 Its molecular geometry shows a remarkable bond length 

alternation (BLA) in the ground state: NMR studies indicated that the energy barrier between two valence 

isomers of 3a-I and 3a-II is about 4 kcal/mol with the delocalized 8π-antiaromatic structure 3a-III located at 

the transition state of the interconversion (Figure 7).  

 

Figure 7. (A) Dimerization of pentalene 3. (B) Interconversion of 3a between the two valence isomers.  

 

A fusion of benzenoid hexagon(s) to the pentalene core dramatically changes the properties of pentalene 

itself. For example, the benzo-annulated pentalenes, benzopentalene 414 and dibenzo[a,e]pentalene 515, have 

been well-known for a long time and many derivatives have been synthesized as stable compounds (Figure 

8A). Contrarily, dibenzo[a,f]pentalene 6a, a structural isomer of dibenzo[a,e]pentalene 5, had been an 

unknown molecule until recently due to its instability (Figure 8B). Considering the resonance structures of 

6a, one can notice that the [a,f]-type dibenzo-annulation to the pentalene skeleton provides the following 

electronic features in the ground state (Figure 8C): (1) the enhancement of the peripheral 16π-delocalization 

(6a-III), given by the resonance of the o-quinoidal substructure with the loss of a local 6π-aromatic 

stabilization, and (2) the appearance of the singlet open-shell character (6a-IV) induced by the 

trimethylenemethane (TMM) subunit with the recovery of an extra benzenoid ring. These two features are 

never shared by dibenzo[a,e]pentalene 5, in which the two aromatic rings remain stable and all π-electrons 
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are strongly coupled in the closed-shell singlet ground state.  

In 2017, Konishi, Yasuda and co-wokers performed the first syntheses of the dibenzon[a,f]pentalene 

derivatives 6b/6c and experimentally investigated the effects of the [a,f]-type dibenzo-annulation at the 

pentalene core on the electronic properties.16 The syntheses of 6b/6c, in which bulky mesityl groups were 

introduced to kinetically protect the reactive sites, are shown in Figure 8B. The interconversion of quinoidal 

units between the two equivalent structures realizes the coexistence of antiaromaticity and open-shell 

properties (6a-I and 6a-II in Figure 8C). 

 

 

Figure 8. (A) Benzo-annulated pentalenes 4/5. (B) Structures of Dibenzo[a,f]pentlane derivatives 6a-c. (C) 

Resonace structures of 6a. 

 

On the basis of these background from the studies of non-alternant hydrocarbons, the author focused on 

the molecular symmetry and the embedded quinoidal structure(s) of non-alternant hydrocarbons. In this 

thesis, the author investigated the physical properties of bicyclic non-alternant hydrocarbons incorporating 

quinoidal units. Mainly, the author focused on the control the electronic properties induced by the quinoidal 

units, such as (anti)aromaticity and open-shell character. The molecules represented in the thesis, the π-

extended pentalene, azulene, and heptalene, are shown in Figure 9. An overview in each chapter is 

summarized below. 

In Chapter 1, the author describes the synthesis and characterization of [a,f]-type annulated pentalenes and 

unveil the interrelation between open-shell and antiaromatic character.  

Chapter 2 demonstrates the synthesis and properties of dinaphtho[2,1-a:2,3-f]pentalene. The high stability 

of the molecule under ambient atmosphere allows the examination of the hole mobility in amorphous film 

measured by a SCLC (Space Charge Limited Current) method. 

In Chapter 3, the author presents the synthesis of difluoreno[1,9,8-alkj:1',9',8'-gfed]heptalene, a first 

hydrocarbon containing a planarized heptalene core. the author evaluates the antiaromaticity induced by the 

planarization of heptalene scaffold and open-shell character. 

Chapter 4 shows the synthesis and characterization of bis-periazulene, which is a non-alternat isomert of 

pyrene. the author focuses on the physical properties originating from the embedded quinoid structures. 
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Figure 9. An overview of the target molecules. 
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Chapter 1 

 

Synthesis and Properties of Benzo[a]naphtho[2,3-f]pentalene with a 

Localized o-Benzoquinoidal Moiety: Interrelation between Open-shell and 

Antiaromatic Characters Governed by Fashion of Quinoidal Subunit and 

Molecular Symmetry 

 

1-1. Introduction 

For a decade, singlet open-shell molecules1–6 have been intensively investigated using both experimental 

and theoretical approaches because their unique electronic structures are scientifically intriguing, as well as 

potential for applications as organic optoelectronic materials,7 such as field-effect transistors,8–14 nonlinear 

optics,15–17 and singlet fissions.18–20 Singlet open-shell character, which often inhabits o- or p-quinoidal 

subunits in polycyclic hydrocarbons,6,21–24 is frequently associated with aromatic or antiaromatic nature 

because of an inherently small HOMO‒LUMO gap.25–27 Understanding the interrelation between open-shell 

and antiaromatic characters is one of the important subjects to describe a nature of unique -conjugations.28–

31 In many neutral 4n-systems, however, open-shell and antiaromatic characters are incompatible in the 

same molecule.29,32,33 -Extended polycyclic antiaromatic systems reveal a tendency to assume an aromatic 

nature with the occurrence of an open-shell singlet ground state, in which the open-shell resonance structure 

relieves the 4n-antiaromatic conjugation in the closed-shell resonance structure.9,34–36 In view of the 

inescapable fact, it is a major challenge to establish the rational design guide for a suitable molecular series 

possessing both open-shell and antiaromatic characters. This most troublesome problem is a major barrier to 

advance understanding and scrutinizing the interrelation between open-shell and antiaromatic characters.37,38 

Recently, Konishi, Yasuda and cowokers have investigated dibenzo[a,f]pentalene 139,40 that displays 

different properties from its long-known and well-studied structural isomer, dibenzo[a,e]pentalene 2 (Figures 

1A and B).41–44 Whereas 2 is a closed-shell molecule that consists of the weak paratropic pentalene core with 

two aromatic benzene rings, the isomer 1 exhibits a singlet open-shell character with a small singlet‒triplet 

energy gap (ES‒T) and a peripheral 16-antiaromatic character. Their dibenzo[a,f]pentalene framework, in 

which antiaromatic and open-shell characters are harmonized, is an acceptable model to systematically 

investigate the interrelation between the two characters through chemical modifications of the framework.40 

The large antiaromatic nature in the singlet ground state of 1 generates interest in the triplet aromaticity and 

proposed the potential use as novel chromophores for singlet fission photovoltaics.45  

 



 8 

 

Figure 1. (A) Resonance structures of dibenzo[a,f]pentalene 1. (B) Molecular structures of 

dibenzo[a,e]pentalene 2 and diarenopentalenes 3‒5. (C) Molecular structure of benzo[a]naphtho[2,3-

f]pentalene 6. Hexagons with 6-benzenoid character are colored in gray. The main 4n-conjugations and 

trimethylenemethane (TMM)-subunit are colored in blue and red, respectively. 

 

Using the dibenzo[a,f]pentalene framework, Yasuda group in recent years has focused on controlling both 

antiaromaticity and open-shell character through additional annulations of one or two benzene rings into the 

framework.46,47 As a theoretical work by Baranac-Stojanović suggested,48,49 the manner of the π-extension to 

the framework significantly impacts on the electronic properties in the resulting systems. Recent 

experimental efforts have been evidencing the effect of -extensions on the electronic structures of 1 (Figure 

1B). A synthetic attempt toward dinaphtho[1,2-a:2,1-f]pentalene 3 was reported by the Diederich’s group, 

but the high reactivity of the derivative 3b toward Diels-Alder additions hampered the isolation and 

characterization.50 The authors successfully synthesized the derivatives of dinaphtho[2,1-a:1,2-f]pentalene 4, 

and benzo[a]naphtho[1,2-f]pentalene 5 and characterized these molecules as closed-shell molecules in which 

the global paratropicity of 1 is mainly shifted to the localized 8-pentalene core.46 
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Figure 2. Selected resonance structures of 6a in the singlet state. 

 

Herein, the authors describe the synthesis and characterization of benzo[a]naphtho[2,3-f]pentalene 6, a 

new member in diareno[a,f]pentalenes (Figure 1C). The inequivalent ring-annulation of 6 invokes the 

contributions of several resonance structures to the ground state. Selected representative resonance structures, 

quinoidal (I/II) 4n-antiaromatic (III/IV) and TMM-based open-shell (V) structures, are depicted in Figure 

2. Our experimental and theoretical investigations sufficiently describe the electronic structures of 6. In 

contrast to its structural isomer 5 with singlet closed-shell ground state, the molecular 6 has an appreciable 

singlet open-shell character as well as a semi-global 12-antiaromatic character. A ring fusion of a 

naphthalene ring at the 2,3-positions into the central pentalene illuminates a localized o-benzoquinoidal 

moiety that brings its open-shell and antiaromatic characters in the inequivalent ring-annulated network. The 

elucidation of behaviors between the open-shell and antiaromatic characters in our pentalenes empathizes the 

importance of the fashion of the quinoidal moiety and the formal molecular symmetry in governing the two 

characters. 

 

1-2. Results and Discussion 

Synthesis. 

The syntheses of 6b and 6c, in which bulky mesityl groups were introduced to kinetically protect the head 

carbons on the pentagons, are summarized in Scheme 1. To standardize the substituent effect on the NMR 

signals with those of our previously reported molecules, a methyl group was introduced into the benzene ring 

of 6b. A tert-butyl group of 6c was introduced to improve the thermal stability in the solid state. The 

inequivalent ring-annulation of 6 was constructed by the consecutive introduction of naphthyl and phenyl 
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groups using palladium-catalyzed Suzuki-Miyaura cross-coupling reactions. Commercially available diethyl 

2-oxomalonate was transformed into dibromoalkene 7 with CBr4 and PPh3.51,52 Under the palladium-

catalyzed Suzuki-Miyaura cross-coupling conditions,52 coupling of 7 with 1,4-dimethyl-2-naphthalene 

boronic acid53 furnished 8 in 60% yield. Subsequent coupling of 8 with phenylboronic acid derivatives under 

the same condition afforded diester 9.52 Reduction of ester groups of 9 with iBu2AlH afforded diol 10, and 

subsequent oxidation gave dialdehyde 11. Treatment of 11 with mesitylmagnesium bromide afforded diol 12. 

Intramolecular cyclization of 12 was carried out under acidic conditions to afford dihydrogenated 

hydrocarbon 13 (Figure S1). The two methyl groups on the naphthyl moiety of 12 perfectly directed the 

cyclization at the 2,3-bond of the naphthalene ring. The oxidation of 13 was conducted through the dianion 

62−. The dianion 62− was cleanly generated by the treatment of 13 with nBuLi in THF at room temperature.54 

Without the isolation of 62−, after confirming by NMR measurements, the subsequent two-electron oxidation 

of 62− with p-chloranil furnished 6 as a reddish-brown solid. Under ambient conditions, the obtained 6 was 

immediately decomposed to give the oxygen-adduct, as confirmed by mass spectroscopy. 

 

Scheme 1. Synthetic route for 6.a 

 

X-ray Crystallographic Analysis and Bond Length Analysis. 

The molecular geometry was confirmed by X-ray crystallographic analysis of 6c (Figure 3 and S2). The 

high solubility of 6b/c in common organic solvents hampered the recrystallization from the solution phases, 

but the molten solids of 6c was cooled from around 200 °C to room temperature in the degassed sealed tube 

to finally give single crystals. Two crystallographically independent molecules of 6c (hereafter, molecule A 

and B) were present in the asymmetric unit (Figure 3A). The largest difference between the two molecules 
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is the dihedral angles between two mesityl groups (12.1° for molecule A and 6.9° for molecule B). No other 

features distinguished the two molecules of 6c; therefore, the mean values of the two structures are reported 

in the following discussion (Figure S3). The main core of 6c is almost planar and the mesityl groups formed 

large dihedral angles (ca. 73°) with the main core. The observed bond lengths are summarized in Figure 3B. 

The outmost hexagon (ring C) in the naphthalene moiety exhibits small bond length alternation (BLA) 

(1.355(11)‒1.420(10) Å, ave. 1.397 Å), suggesting the preservation of a local 6-aromatic character. 

Contrarily, the large BLA was observed in the 5-5-6 ring (ring A-A'-B') system in a direction toward the fused 

benzene ring, which is reminiscence of the structural contribution of a localized o-benzoquinoidal 

structure55,56 (6a-I) rather than that of a naphthoquinoidal structure (6a-II). These observed geometric 

features of 6c were supported by the harmonic oscillator model of the aromaticity (HOMA) values,57,58 which 

index the degree of bond alternation59 (Figure 3C, HOMA values for ring A: ‒0.25; ring B: 0.36; ring C: 0.85; 

ring A': 0.10; ring B': 0.30). Notably, the degree of BLA in the pentagons (1.377(9)‒1.476(9) Å) lies between 

those of the open-shell 1b (1.409(3)−1.458(3) Å)40 and the closed-shell 5b (1.362(6)−1.502(6) Å).46 The 

observed molecular geometry was supported by the theoretically optimization (Figure S17) and agree with 

that predicted previously.49 The calculated electrostatic potential map indicated that the contribution of the 

polarized structure induced by the inequivalent structure is negligible (Figure S18A). 

The reactivity attributable to the o-quinoidal moiety was investigated. The authors heated a toluene-d8 

solution of 6c with dienophiles (1,4-benzoquinone, fumaronitrile, and maleic anhydride) at 100 °C, but no 

consumption of 6c was observed by NMR measurements (Figures S14‒16). The bulky mesityl groups 

effectively suppresses the intermolecular reactions, such as dimerizations and cycloadditions, which are 

typical reactions of -extended o-quinodimethanes.21,24,50,60 

 

Figure 3. X-ray structures of two crystallographically independent molecules of 6c. Thermal ellipsoids are 

drawn at the 50% probability level. (B) Averaged bond lengths (Å) of 6c with the representations of each 
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ring. (C) HOMA values of 6c calculated on the basis of the determined bond lengths by X-ray analysis. 

 

Antiaromaticity on the Basis of 1H NMR Spectroscopy, NICS(1), and GIMIC Calculations.  

The 1H NMR spectrum of 6b, recorded at 20 °C in THF-d8, showed line broadening. Cooling the sample 

was accompanied by progressive line sharpening and a well-resolved spectrum was obtained at −60 °C 

(Figure S5). Antiaromatic character was investigated by the comparison of the 1H NMR spectra of 6b and 

6b2−. As the authors previously demonstrated, the upfield shift in the H1 proton signals upon two-electron 

oxidation of the dianion to the corresponding neutral pentalene was a suitable indicator to assess the shielding 

effects of the pentalene moiety.46 The corresponding upfield shift in the H1 proton signals of 6b2−/6b (Δδ(H1)) 

was −1.87 ppm (Figure 4A), which was smaller than those of 1b2−/1b (Δδ(H1) = −2.47 ppm), 4b2−/4b (Δδ(H1) 

= −2.44 ppm), and 5b2−/5b (Δδ(H1) = −1.89 and −1.99 ppm).46 The smallest upfield shift in the H1 proton 

signal of 6 among the reported analogues illustrates the appearance of paratropic nature of 6 on the pentalene 

subunit is considerably suppressed. The NICS(1) values calculated at the GIAO-(U)B3LYP/6-311+G* level 

clearly supported the observed trends (Figure 4B); the smallest values were estimated in the pentagons of 6a 

(+14.1 and +20.4) among the analogues (1a: +23.8, +27.2; 4a: +29.5, +30.6; 5a: +18.0, +20.4).49 The 

localized o-quinoidal structure of 6 suppresses the appearance of paratropic character. The anisotropy of the 

induced current density (AICD) plots61 reveal that the anticlockwise ring currents flow on the pentagons 

(rings A and A') and the adjacent hexagon (ring B') (Figures 4C and S20). 

 

 

Figure 4. (A) Partial 1H NMR spectra (THF-d8) of 6b (−60 °C, 600 MHz) and 6b2− (rt, 600 MHz). DMF was 

a residual solvent, which was used for washing the crude products. (B) NICS(1) values of 6a calculated at 

the GIAO-UB3LYP/6-311+G*//RB3LYP-D3/6-311G* level. (C) AICD plots (isovalue surface: 0.035) of 6a 

calculated at the CSGT-UB3LYP/6-311+G*//RB3LYP-D3/6-311G* level. 
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To get a deeper insight into the antiaromatic nature of 6, the magnetically induced current densities of 

6a2−/6a are calculated using the gauge-including magnetically induced current (GIMIC) method (Figure 

5).62–66 In the same way as 1a2−, 4a2−, and 5a2−,46 the dianion 6a2− behaves as a global aromatic system with 

uniform diatropic (clockwise) ring currents of ca. +10 to +14 nA/T flowing along the peripheral pathway 

(Figure 5A). The ring current patterns of the neutral systems distinguish 6a clearly from our previously 

systems 1a, 4a, and 5a (Figures S21−22). In the fused naphthalene moiety of 6a, whilst the inner hexagon 

(ring B) shows no significant ring current, the outmost hexagon (ring C) exhibits diatropic ring currents, 

retaining the local 6-aromatic character (Figure 5B). The paratropic (anticlockwise) ring current of 6a 

spreads toward the ring A-A'-B' system (−22.6 to −10.4 nA/T). The feature indicates that the antiaromatic 

nature of 6a is induced by a semi-global 12-antiaromatic system (6a-III), which is sharply contrast to a 

global 16-system of 140 and local 8-systems of 4 and 5.46 The paratropic ring current strengths on the 

pentalene core of 6a (−22.6 to −16.5 nA/T) are smallest among our reported systems (1a, 4a and 5a, Figures 

S21−22), supporting the weakened antiaromatic character of 6 in the agreement of the NICS(1) calculations. 

Notably, the difference in the main 4n-systems between 5 and 6 depends on the direction of a naphtho-

annulation into the pentalene core despite preserving the aromatic character in the outermost hexagons of the 

annulated naphthalene in the both molecules. Whilst the 2,1-naphtho-annulation in 5 isolates an 8-pentalene 

subunit from the global -conjugation,46 the 2,3-naphtho-annulation in 6 shifts the main 4n-conjugation into 

a 12-benzopentalene subunit (6a-III) rather than the 8-pentalene core (6a-IV). The experimentally 

determined or theoretically optimized molecular geometry of 6 suggests that a main canonical structure of 6 

in the ground state should be described as a combination of o-benzoquinoidal and napththalene subunits (6a-

I) with no 4n-conjugated network. However, under magnetic field perturbations, the 12-benzopentalene 

subunit (6a-III) would be reluctantly adopted as a main 4n-conjugated network of 6 by the presence of the 

localized o-quinoidal structure. 
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Figure 5. (Top) Magnetically-induced current (MIC) density and (Bottom) Current strength (nA/T) for the 

peripheral C–C bonds of for (A) 6a2− and (B) 6a calculated at the GIAO-(R/U)B3LYP/6-311+G* level. 

Current strength is evaluated by integrating numerically the MIC densities on the bisection plane of each 

bond. Diatropic currents rotate clockwise, while the paratropic ones do anticlockwise. The values in the color 

bar are given in a.u. 

 

Open-shell Character Induced by a Localized o-Benzoquinoidal Moiety.  

The line-broadening of NMR signals of 6b at room temperature is a common feature for singlet open-shell 

molecules, indicating 6 has a singlet open-shell ground state (Figure S5). The line-sharpening in the NMR 

spectrum of 6b was accomplished at −60 °C, which was much higher temperature than that of 1b. For 1b, 

the line sharpening was insufficient even at −100 °C.40 Notably, the difference in the line-sharpening 

behaviors implies that the population of thermally excited triplet species of 6 is less than that of 1 at recorded 

temperatures.49 Thermally excited triplet species of 6 was clearly observed in the ESR measurements. Solid 

samples of 6c displayed signals typical of triplet species at 420 K with zero field splitting parameters (|D| = 

0.0398 cm−1 and |E| = 0.0039 cm−1) (Figures 6 and S7). The relatively large D value of 6 strongly suggests 

the occurrence of a TMM-based spin structure in the triplet state (6a-V in Figure 2B and Figure S18C), which 

is a shared feature with that previously demonstrated in 1.40 The smaller zero field splitting parameters of 6c 

than those of 1b (|D| = 0.0561 cm−1 and |E| = 0.0052 cm−1)40 agree with the larger -conjugation of 6 than 

that of 1. ESR signal intensities of 6c decreased with temperature decreased, indicating occurrence of a singlet 

ground state in 6 (Figure 6A). The Bleaney−Bowers fit67 to the intensity change in the forbidden ΔM = ± 2 

half-field signal of 6c as a function of temperature gave a singlet−triplet energy gap (ΔES−T) of −2980 K 

(−5.91 kcal/mol) (Figure 6B). The expanded ΔES−T value of 6c than that of 1b (−4.29 kcal/mol) is supported 
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by the observed larger BLA of the pentalene core for 6c than that of 1b. The smaller diradical index (y0) for 

6a (y0 = 0.185) than that of 1a (y0 = 0.228) calculated at the LC-UBLYP (μ = 0.33 bohr–1)/6-311G* level also 

supports the idea. For 6b, the disappearance of the triplet signals was observed at around 420 K, failing to 

determine the ΔES−T value of 6b (Figure S10). The mass spectroscopy of the annealed sample of 6b indicated 

the decomposition via abstractions of hydrogen atoms. 

 

 

Figure 6. (A) ESR spectra of the solid sample of 6c. (B) The change in ESR signal intensity with temperature 

(●) based on the half-field ESR signals (inset) and the Bleaney–Bowers fit (—). 

 

Optoelectronic Properties.  

The optoelectronic properties of 6b were investigated using electronic absorption spectroscopy and cyclic 

voltammetry. The electronic absorption spectrum of 6b in CH2Cl2 gave a weak and broad longest absorption 

band that ranges from 700‒1500 nm (Figure 7). The weak and broad longest absorption of 6b is a shared 

feature with those of 1b, 4b, and 5b and is typical characteristics of pentalene-based molecules (Figure S12). 

Time-dependent (TD)-DFT calculation at the B3LYP/6-311+G* level indicated that the absorption band is 

ascribed to the forbidden HOMO‒LUMO transition (Tables S8‒9). The cyclic voltammogram of 6b 

displayed two reversible and two irreversible redox waves (E2
ox, pa = +0.67 V, E1

ox = −0.018 V, E1
red = −1.45 

V, and E2
red, pc = −2.23 V vs Fc/Fc+, Figure S13 and Table S5). The difference between the first oxidation and 

reduction potentials was used to determine the electrochemical HOMO−LUMO gap of 1.43 eV for 6b, which 

ranks between those the open-shell 1b (1.34 eV) and the closed-shell 5b (1.68 eV). 
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Figure 7. UV/vis/NIR absorption spectra of 6b in CH2Cl2. The inset shows a magnified view. 

 

Interrelation between Open-shell and Antiaromatic Characters in a Series of Diareno[a,f]pentalenes.  

The elucidations of the molecular geometry and electronic structures of 6 unveil the interrelation between 

open-shell and antiaromatic characters in a series of our diareno[a,f]pentalenes. The authors found the 

regularities of the behaviors of open-shell features (y0) against antiaromatic features (the difference of the 

proton chemical signal(H1)) or NICS(1)) in our diareno[a,f]pentalenes 1, 4, 5, and 6 (Figure S25). The 

plots of y0 against Δδ(H1) and of y0 against NICS(1) are represented in Figure 8. Herein, larger y0 (0 < y0 < 

1) indicates more enhanced open-shell character and more negative Δδ(H1) or positive NICS(1) value 

indicates more larger antiaromatic character. Figure 8 clearly explains the importance in the fashion of 

quinoidal unit and the formal molecular symmetry in determining the interrelation between open-shell and 

antiaromatic characters. 

The antiaromatic characters in four pentalenes considerably depend on the formal molecular symmetry (● 

vs ◆; see the horizontal axis direction in Figure 8). The C2v symmetric pentalenes 1 and 4 show more negative 

Δδ(H1) values, indicating their larger antiaromatic characters (Figure 8A). Their resonance structures aid in 

the understanding the importance of their higher symmetric structures in the antiaromaticity (Figure 9). For 

the two pentalenes, the resonance or interconversion between the two equivalent quinoidal (o-benzoquinoid 

for 1 and 1,2-naphthoquinoid for 4) structures in the closed-shell resonance structures, which relieved the 

frustrations of the quinoidal instability derived from the loss of an aromatic ring, encourages the formal 4nπ-

electron delocalization, resulting in their enhanced antiaromatic characters (16-system: 1a-A/A'; 8-system: 

4a-A/A'). On the other hand, the Cs symmetric pentalenes 5 and 6 exhibit the weakened antiaromatic 

characters. Their lower symmetric structures enable the appearance of the local aromatic character on the 

outmost hexagons. The sufficient preservation of the local aromatic character causes the suppression of the 

4nπ-electron delocalization and localizes the inequivalent quinoidal unit (5a-A/B and 6a-A/B). 
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Figure 8. Plots of the behaviors of (A) y0 against Δδ(H1) and (B) y0 against NICS(1) for our pentalenes 1 and 

4‒6. The diradical index (y0) was calculated at the LC-UBLYP (μ = 0.33 bohr–1)/6-311G* level. The 

difference in the proton chemical shift (Δδ(H1)) was based on the 1H NMR measurements for the 

dianion/neutral pentalenes. The NICS(1) values of calculated at the GIAO-(U)B3LYP/6-311+G* level. The 

averaged NICS(1) values of two pentagons were plotted.  

 

The difference in the paratropic character between 6 and 5 might be associated with the difference in the 

main 4n-conjugated circuit: the 12-system of 6 shows the less antiaromatic character than the 8-system 

of 5. Interestingly, the paratropic behavior for the symmetry of the ring fusions evokes the similarity to 

Nakagawa’s studies. Through the detailed NMR studies on benzenoid-annulated [4n+2]-dehydroannulenes, 

Nakagawa found that diatropic characters were enhanced in the annulenes with equivalent quinoidal 

structures.68 Notably, our finding expands Nakagawa’s concept of annulated aromatic systems toward that of 

annulated antiaromatic systems.69 4n-Conjugated systems generally disfavor the -electron delocalization 

due to their antiaromatic instability,70 but the controlled incorporation of quinoidal units into a pentalene core 

realizes the tunable 4n-electron delocalization in our system. 
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Figure 9. Resonance structures of 1 and 4‒6 and the structures of key subunits. The hexagonal rings in gray 

denote benzenoid rings. The main 4nπ-conjugated circuits, quinoidal subunits and TMM-subunits are 

highlighted in blue, black, and red bold lines, respectively. 

 

Contrarily, the appearance of the open-shell characters in four pentalenes depends on the presence or 

absence of an o-benzoquinoidal moiety rather than the molecular symmetry (red vs blue; see the vertical axis 

direction in Figure 8). A good example is the comparison between 5 and 6 because the both molecules assume 

Cs symmetries with the suppressed antiaromatic characters. Whilst the closed-shell pentalene 5 possesses an 

incorporated 1,2-naphthoquinoidal unit (5a-B), the open-shell pentalene 6 has a large contribution of an o-

benzoquinoidal unit (6a-B). The same trend can be seen in the comparison between 1 and 4. A 1,2-

naphthoquinoidal unit has an already-existing aromatic hexagon (see the structure of 1,2-naphthoquinoid in 

Figure 9), which would tend to show no open-shell character (negligible contributions of 4a-B and 5a-C). A 

reason for the closed-shell electron configurations of 4 and 5 is that the number of the aromatic hexagon does 

not change when the closed-shell structure is transformed into an open-shell structure (see the number of the 

gray colored hexagons; 4a-A/A'→4a-B and 5a-B→5a-C). On the other hand, an additional aromatic hexagon 

is gained from an o-benzoquinoidal unit in the open-shell structures of 1 and 6 (1a-B and 6a-C). For 1 and 

6, it should be noted that incorporating an o-benzoquinoidal unit into a pentalene core (to create an 

isobenzofulvene core) is more essential to exhibit their open-shell characters. According to a recent 

theoretical study,71 isobenzofulvene itself has no singlet open-shell character and ring expansions of the 
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isobenzofulvene core are imperative for the emergence of open-shell characters. In our pentalene systems, 

however, the embedment of the isobenzofulvene unit into a planar pentalene skeleton facilitates access to the 

singlet open-shell ground state. Herein, two cooperative effects realize the small ΔES−T values of 1 and 6. 

The singlet ground states (1a-A/A' and 6a-A) are energetically destabilized by the induced antiaromatic 

natures. Concurrently, the triplet excited states are stabilized by non-disjoint TMM subunits appearing in the 

open-shell structures (1a-B and 6a-C) on the isobenzofulvene framework. The structural harmony between 

a pentalene core and an o-benzoquinoidal moiety accomplishes of occurrences of appreciable open-shell 

characters for the pentalene systems. 

The Δδ(H1) values on the horizontal axis in Figure 8A are replaceable with the average NICS(1) values on 

the pentagons. The behaviors of y0 against NICS(1) values are nearly identical to those of y0 against Δδ(H1) 

(Figure 8B). The antiaromatic character of 4 estimated by the NICS calculation is slightly pronounced 

compared to that based on the NMR measurements, which would be caused by the estimated difference in 

the diatropic effects of the adjacent hexagons. The applicability of the combination of the theoretical 

parameters (y0 and NICS(1)) to evaluate the interplay of open-shell and antiaromatic characters promises the 

rational design guide for novel open-shell 4n-polycyclic molecules. Our findings shed light on the basal 

factors that governs the -bond natures in the 4n-carbocycles. Two simple structural features, the fashion 

of o-quinoidal unit and the formal molecule symmetry, are important principles. The fashion of the quinoidal 

unit determines the electron configurations that vary from closed-shell to open-shell states. Concurrently, the 

formal molecule symmetry is crucial for the degree of -electron delocalization, which is directly transcribed 

into the strength of the antiaromatic character. It should be noted that our diareno[a,f]pentalene framework 

harmonizes the two features, enabling us to logically access the interplay of open-shell and antiaromatic 

characters in polycyclic 4n-systems as a molecular design strategy. 

 

1-3. Conclusion 

The authors successfully synthesized and characterized 6, a new member of diareno[a,f]pentalene family 

and a structural isomer of 5. A 2,3-naphthoannulation in 6 localizes an o-benzoquinoidal moiety that triggers 

the appearance of the appreciable open-shell and antiaromatic characters. Through our experimental and 

theoretical investigations of 6, the authors unveil the interrelation between open-shell and antiaromatic 

characters in a series of diareno[a,f]pentalenes. The fashion of the incorporated quinoidal moiety is deeply 

involved in showing open-shell character and the formal molecular symmetry introduced by the ring fusions 

manages the 4n-antiaromatic character. Notably, the inherent harmonization of the open-shell character with 

4n-antiaromaticiy within 1, pristine diareno[a,f]pentalene framework, enables the systematic assessment of 

the interrelation between open-shell and antiaromatic characters. The comparison among the four 

diareno[a,f]pentalenes derives the two simple principles, the fashion of an o-quinoidal moiety and the formal 

molecular symmetry, as main factors in determining the balance between open-shell and antiaromatic 
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characters. The conclusion could be easily broadened to other open-shell 4n-conjugated systems. The 

present study emphasizes the importance of topologically design for open-shell 4n hydrocarbons and shows 

the tunability of the interrelation between open-shell and antiaromatic characters.  

 

1-4. Experimental Section 

General Information 

NMR spectra were recorded on JEOL-AL400, JEOL-ECS400 (400 MHz for 1H, and 100 MHz for 13C) and Bruker AVANCE 

III spectrometers (600 MHz for 1H, and 150 MHz for 13C) with TMS as an internal standard. 1H and 13C NMR signals of 

compounds were assigned using HMQC, HSQC, HMBC, COSY, NOESY, and 13C off-resonance techniques. ESR spectra were 

recorded on a Bruker EMXmicro spectrometer. Positive FAB and EI mass spectra were recorded on a JEOL JMS-700 and a 

Shimadzu GCMS-QP2010 Ultra, respectively. IR spectra were recorded as thin films or as solids in KBr pellets on a JASCO 

FT/IR 6200 spectrophotometer. UV-vis-NIR spectra were recorded on a JASCO V-670 spectrophotometer. Cyclic voltammetric 

measurements were performed with an ALS-600C electrochemical analyzer using a glassy carbon working electrode, a Pt 

counter electrode, and an Ag/AgNO3 reference electrode at room temperature in CH2Cl2 containing 0.1 M Bu4NClO4 as the 

supporting electrolyte. Data collection for X-ray crystal analysis was performed on Rigaku/XtaLAB Synergy-S/Cu (CuK  = 

1.54187 Å) diffractometers. All non-hydrogen atoms were refined with anisotropic displacement parameters and hydrogen 

atoms were placed at calculated positions and refined “riding” on their corresponding carbon atoms by Olex272 program. 

 

Materials 

Anhydrous dichloromethane, THF, acetonitrile, diethylether, toluene and hexane were purchased and used as obtained. All 

reagents were obtained from commercial suppliers and used as received except for p-chloranil. p-Chloranil was recrystallized 

from hot toluene before use. All reactions were carried out under nitrogen. Syntheses of dianions 6b2–/c2– and pentalenes 6b/c 

were performed in a nitrogen-filled glove b 

 

Computational Method 

All calculations were conducted using the Gaussian 09 program73. The geometries of neutral and dianionic singlet species 

of 6a and 6c2‒ were optimized with the RB3LYP-D3 functional and 6-311G* basis set. In previous studies, local minimum 

structures of fused-ring hydrocarbons exhibiting small-medium diradical characters were shown to be predicted well by using 

the spin-restricted RB3LYP-D3 functional.40 The obtained RB3LYP-D3 geometry of neutral 6a was employed for the 

calculations of the other properties. We also performed geometry optimization of triplet species by using the broken-symmetry 

approach with the UB3LYP-D3 functional. In each case, frequency analysis calculations were performed in order to confirm 

the local minimum structures. 

During the calculations of 6b and 6c, bulky -Mes groups were replaced by -Ph groups in order to reduce the computational 

efforts (referring to the model molecules as 6b' and 6c'). For 6c', we found two types of conformers during the geometry 

optimizations where the rotation angle of tBu group is different. From the comparison of total energy at the SF-TDDFT 

PBE50/6-311G* level with ZPVE correction at the R- or UB3LYP-D3/6-311G* level, conformation 2 (see Figure S23) is 

predicted to be ~1.7 kcal/mol more stable than conformation 1 in the singlet state. In the triplet state, conformation 1 is more 

stable, but the difference of their ZPVE corrected total energy was smaller than 0.2 kcal/mol. We should note that such a 

conformational change does not affect the BLA features of the main part of the compounds. Because of the steric repulsion 

between the substituent groups and H atoms, the systems with substituents tend to have slightly non-planar structures. Dihedral 

angle D(a-b-c-d) and D(b-c-d-e) for conformation 1/2 in the singlet state are found to be 16.2˚/16.3˚ and 1.0˚/0.9˚, respectively. 

NICS(1) values of neutral and dianionic species of 6a and 6c2‒ were calculated at the GIAO-R(U)B3LYP/6-311+G* method 
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using these optimized structures. For neutral 6a, NICS(1) values were calculated at the GIAO-UB3LYP/6-311+G* method, 

since the RDFT approach is considered to give very different feature of magnetic response properties of open-shell singlet 

systems compared with the broken-symmetry UDFT results.25,26 We also employed gauge-including magnetically induced 

current (GIMIC) method62,63,65,74 to evaluate magnetically induced current (MIC) density, which is a current-based criterion for 

aromaticity. The unperturbed and magnetically-perturbed electron densities necessary for GIMIC calculations were evaluated 

at the same level of approximation as those for NICS(1) calculations. The external magnetic field was applied to the direction 

perpendicular to the molecular plane. The MIC densities was evaluated by using GIMIC version 2.1.4 and Gaussian2gimic.py 

programs.62,63,65,74 DrawMol application was used for the visualizations of molecular modelling and spatial distributions of 

MOs and MIC density.75 Aromatic natures for each ring evaluated by NICS and GIMIC are in good agreement with each other. 

AICD plot of 6a was calculated by using the method developed by Herges61 and only π-electrons are considered at the CSGT-

UB3LYP/6-311+G*//RB3LYP-D3/6-311G* level. The magnetic field is perpendicular to the molecular plane of 6a. Yellow 

surface is the isosurface of the induced current density under the magnetic field. Green allows with red head indicate the 

induced current density vectors. The clockwise and counterclockwise density vectors indicate diamagnetic and paramagnetic 

ring currents, respectively. 

Diradical character (y0) were obtained from the occupation number of LUNO (y = nL) at the LC-UBLYP (μ = 0.33 bohr–1)/6-

311G* level. Adiabatic ΔEST values were calculated by the spin-flip noncolinear time-dependent density functional theory (SF-

NC-TDDFT) method with the PBE50 exchange-correlation functional and 6-311G* basis set (denoted as SF-TDDFT PBE50/6-

311G*)76–79 In the ΔEST calculations, total energies of the singlet and triplet states, ES and ET, were evaluated at the SF-TDDFT 

PBE50/6-311G* level using the optimized geometries. We have also estimated the zero-point vibrational energy (ZPVE) 

corrections to the ΔEST values on the basis of the frequency analysis calculations at the R(U)B3LYP-D3/6-311G* level. SF-

NC-TDDFT calculations were performed using Q-Chem 5 program package,80 while the others were done using Gaussian 09 

program package. In the adiabatic S‒T energy gaps, we have added zero-point vibrational energy (ZPVE) corrections which 

were estimated from the frequency analysis calculations at the R- and UB3LYP-D3/6-311G* levels. 

Symmetry-adapted molecular orbitals of 6a were evaluated at the RB3LYP/6-311+G* level. Electronic excitation properties of 

6a were evaluated by the TDDFT method R(U)B3LYP and 6-311+G* basis set. 

 

Synthesis and Characterization 

Diethyl 2-(dibromomethylene)malonate 7 

 

Under nitrogen atmosphere, CBr4 (6.80 g, 20.5 mmol) was added to a solution of PPh3 (10.6 g, 40.4 mmol) in CH2Cl2 (20 mL) 

at 0 °C. After 1 h at 0 °C, diethyl 2-oxomalonate (1.55 ml, 9.96 mmol) was added. The mixture was warmed to room 

temperature and stirred for 19 h, then added to pentane (35 mL), stirred for 30 min, filtered and concentrated. The crude residue 

was purified by flash chromatography (hexane/ethyl acetate = 75:25), yielding the product (pale yellow oil, 3.16 g, 94 %). 

bp 171.0 ℃ /6.9 Torr; IR (neat) 2984 (s), 1735 (s), 1653 (w), 1586 (s), 1559 (m), 1465 (m), 1446 (m), 1391 (m), 1368 (s), 1218 

(s), 1173 (m), 1115 (w), 1081 (s), 1021 (s), 912 (w), 869 (s), 806 (w), 778 (w), 764 (w), 724 (s), 612 (w), 567 (m) cm‒1; 1H 

NMR (400 MHz, CDCl3) 4.31 (q, J = 7.2 Hz, 4H, 2-H), 1.33 (t, J = 7.2 Hz, 6H, 1-H); 13C NMR (100 MHz, CDCl3) 162.6 (s, 

C-3), 134.3 (s), 107.5 (s), 62.8 (t, C-2), 14.3 (q, C-1); MS (EI+, 70eV) m/z 332 ([M+4]+, 9), 330 ([M+2]+, 17), 328 (M+, 9), 285 

(100, –OEt), 257 (59); HRMS (EI+, 70 eV) Calculated: (C8H10Br2O4) 327.8946 (M+), Found: 327.8944; Analysis C8H10Br2O4 

(329.97) Calculated: C, 29.12; H, 3.05; Br, 48.43; O, 19.39, Found: C, 29.81; H, 3.31. 
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Diethyl 2-(bromo(1,4-dimethylnaphthalen-2-yl)methylene)malonate 8 

 

Under nitrogen atmosphere, PdCl2(PPh3)2 (0.299 g, 0.426 mmol) was added to a solution of 7 (2.81 g, 8.52 mmol), (1,4-

dimethylnaphthalen-2-yl)boronic acid53 (1.490 g, 7.45 mmol) and tri(2-furyl)phosphine (0.306 g, 1.318 mmol) in DME (10 

mL) and aqueous 2 M K2CO3 (10 mL) at room temperature. The mixture was heated to 85 °C for 24 h. After cooled to room 

temperature, aqueous 1 M HCl was added to the mixture. The products were extracted with CHCl3 three times. The combined 

organic layers were washed with water and brine, and then were dried over MgSO4. After filtration, the obtained solutions were 

evaporated in vacuum. The obtained residue was purified by a silica-gel column chromatography (hexane/ethyl acetate = 90:10), 

to give 8 as pale yellow oil (1.80 g, 60 %). 

IR (neat) 3454 (w), 3071 (w), 2982 (s), 1736 (s), 1709 (s), 1629 (m), 1511 (w), 1445 (m), 1388 (m), 1367 (m), 1296 (s), 1236 

(s), 1204 (s), 1071 (s), 1021 (m), 901 (m), 869 (m) cm‒1; 1H NMR (400 MHz, CDCl3) 8.08‒8.06 (m, 1H), 8.00‒7.98 (m, 1H), 

7.57‒7.54 (m, 2H), 7.14 (s, 1H), 4.42 (q, J = 7.0 Hz, 2H), 3.93 (q, J = 7.0 Hz, 2H), 2.66 (s, 3H), 2.62 (s, 3H), 1.41 (t, J = 7.0 

Hz, 3H), 0.860 (t, J = 7.0 Hz, 3H); 13C NMR: (100 MHz, CDCl3) 164.2, 161.5, 139.6, 134.9, 132.8, 132.6, 132.4, 131.5, 129.3, 

126.4, 126.1, 125.2, 124.8, 124.6, 62.1, 61.5, 19.3, 15.6, 14.0, 13.5; MS (EI+, 70eV) m/z 406 ([M+2]+, 30), 404 (M+, 28), 251 

(100), 207 (84), 165 (46); HRMS (EI+, 70 eV) Calculated: (C20H21BrO4) 404.0623 (M+), Found: 404.0619. 

 

Diethyl 2-((1,4-dimethylnaphthalen-2-yl)(p-tolyl)methylene)malonate 9b 

 

Under nitrogen atmosphere, PdCl2(PPh3)2 (0.186 g, 0.265 mmol) was added to a solution of 8 (2.118 g, 5.23 mmol), p-

tolylboronic acid (0.928 g, 6.82 mmol) and tri(2-furyl)phosphine (0.206 g, 0.856 mmol) in DME (20 mL) and aqueous 2 M 

K2CO3 (10 mL) at room temperature. The mixture was heated to 85 °C for 20 h. After cooled to room temperature, aqueous 1 

M HCl was added to the mixture. The products were extracted with CHCl3 three times. The combined organic layers were 

washed with water and brine, and then were dried over MgSO4. After filtration, the obtained solutions were evaporated in 

vacuum. The obtained residue was purified by a silica-gel column chromatography (hexane/ethyl acetate = 90:10), to give 9b 

as a colorless solid (2.64 g, quant.). 

mp 82.3−83.1 ℃; IR (KBr) 3065 (w), 2981 (w), 1732 (s), 1718 (s), 1605 (m), 1450 (w), 1389 (w), 1365 (w), 1344 (w), 1300 

(m), 1269 (m), 1225 (s), 1196 (s), 1182 (s), 1117 (w), 1092 (s), 1070 (s), 1018 (w), 884 (w), 825 (w) cm‒1; 1H NMR (400 MHz, 

CDCl3) 8.05‒8.03 (m, 1H), 8.00‒7.97 (m, 1H), 7.54‒7.52 (m, 2H), 7.13 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 8.4 Hz, 2H), 7.06 (s, 

1H), 4.18 (q, J = 7.2 Hz, 2H), 3.92 (q, J = 7.2 Hz, 2H), 2.62 (s, 3H), 2.53 (s, 3H), 2.32 (s, 3H), 1.14 (t, J = 7.2Hz, 3H), 0.79 (t, 

J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) 166.7, 165.2, 156.2, 149.8, 139.6, 136.6, 132.9, 132.5, 132.1, 129.5, 129.1, 

128.8, 127.2, 127.1, 125.9, 125.8, 125.1, 124.8, 61.5, 61.1, 21.5, 19.4, 16.0, 13.9, 13.6; MS (EI+, 70eV) m/z 416 (M+, 18), 342 

(100), 270 (25), 256 (42), 239 (15); HRMS (EI+, 70 eV) Calculated: (C27H28O4) 416.1988 (M+), Found: 416.1981. 
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Diethyl 2-((4-(tert-butyl)phenyl)(1,4-dimethylnaphthalen-2-yl)methylene)malonate 9c 

 

Under nitrogen atmosphere, PdCl2(PPh3)2 (0.159 g, 0.226 mmol) was added to a solution of 8 (1.831 g, 4.52 mmol), (4-(tert-

butyl)phenyl)boronic acid81 (1.046 g, 5.88 mmol) and tri(2-furyl)phosphine (0.315 g, 1.356 mmol) in DME (10 mL) and 

aqueous 2 M K2CO3 (5 mL) at room temperature. The mixture was heated to 85 °C for 25 h. After cooled to room temperature, 

aqueous 1 M HCl was added to the mixture. The products were extracted with CHCl3 three times. The combined organic layers 

were washed with water and brine, and then were dried over MgSO4. After filtration, the obtained solutions were evaporated 

in vacuum. The obtained residue was purified by a silica-gel column chromatography (hexane/ethyl acetate = 90:10), to give 

9c as a colorless solid (1.95 g, 94 %). 

mp 112.1‒113.0 ℃, IR (KBr) 3397 (w), 3069 (m), 3032 (w), 2963 (s), 2904 (s), 2867 (s), 1732 (s), 1702 (s), 1604 (s), 1509 

(m), 1469 (s), 1448 (s), 1369 (s), 1344 (m), 1318 (s), 1307 (s), 1271 (s), 1245 (s), 1191 (m), 1092 (s), 1069 (s), 1016 (m), 1005 

(m), 922 (w), 885 (m), 869 (m), 845 (s) cm‒1; 1H NMR (400 MHz, CDCl3) 8.06‒8.03 (m, 1H), 8.00‒7.97 (m, 1H), 7.54‒7.52 

(m, 2H), 7.28 (d, J = 8.4 Hz, 2H), 7.16 (d, J = 8.8 Hz, 2H), 7.07 (s, 1H), 4.17 (q, J = 7.2 Hz, 2H), 3.92 (q, J = 7.2 Hz, 2H), 2.63 

(s, 3H), 2.54 (s, 3H), 1.28 (s, 9H), 1.06 (t, J = 7.2Hz, 3H), 0.79 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) 166.7, 165.2, 

156.1, 152.6, 136.6, 136.5, 132.9, 132.5, 132.0, 129.3, 128.5, 127.2, 127.0, 125.9, 125.8, 125.2, 125.1, 124.7, 61.5, 61.0, 34.8, 

31.3, 19.4, 16.0, 13.8, 13.6; MS (EI+, 70eV) m/z 458 (M+, 18), 384 (100), 311 (22), 309 (22); HRMS (EI+, 70 eV) Calculated: 

(C30H34O4) 458.2457 (M+), Found: 458.2451. 

 

2-((1,4-dimethylnaphthalen-2-yl)(p-tolyl)methylene)propane-1,3-diol 10b 

 

To a solution of 9b (2.21 g, 5.30 mmol) in toluene (40 mL) was added DIBAL (26.4 mL, 1.0 M in hexane, 26.4 mmol) at –

78 °C. The reaction mixture was allowed to gradually warm up to room temperature and then stirred overnight. The reaction 

was quenched with MeOH/EtOAc and 1 M HCl and the product was extracted with EtOAc. The organic layer was washed 

with water, and dried over MgSO4. After filtration, the obtained solutions were evaporated in vacuum. The obtained residue 

was purified by a silica-gel column chromatography (hexane/ethyl acetate = 40:60), to give 10b as a white solid (1.62 g, 92%). 

mp 94.5−95.1 ℃; IR (KBr) 3353 (s), 3066 (w), 3020 (w), 2940 (m), 1598 (w), 1509 (m), 1444 (m), 1409 (m), 1385 (m), 1236 

(w), 1185 (s), 1038 (s), 1011 (s), 974 (m), 827 (m) cm‒1; 1H NMR (400 MHz, CDCl3) 8.06‒8.04 (m, 1H), 8.00‒7.97 (m, 1H), 

7.56‒7.53 (m, 2H), 7.16 (d, J = 8.0 Hz, 2H), 7.10 (d, J = 8.0 Hz, 2H), 7.03 (s, 1H), 4.53 (s, 2H), 4.20 (d, J = 3.2 Hz, 2H), 2.61 

(s, 3H), 2.55 (s, 3H), 2.32 (s, 3H); 13C NMR (100 MHz, CDCl3) 142.3, 137.5, 137.3, 135.2, 133.1, 132.3, 132.1, 129.34, 129.31, 

128.9, 128.2, 125.93, 125.92, 125.5, 125.1, 124.7, 64.4, 63.1, 21.3, 19.5, 15.9; MS (EI+, 70eV) m/z 332 (M+, 65), 299 (100), 

129 (20); HRMS (EI+, 70 eV) Calculated: (C23H24O2) 332.1776 (M+), Found: 332.1778. 
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2-((4-(tert-butyl)phenyl)(1,4-dimethylnaphthalen-2-yl)methylene)propane-1,3-diol 10c 

 

To a solution of 9c (0.672 g, 1.47 mmol) in toluene (15 mL) was added DIBAL (7.5 mL, 1.0 M in hexane, 7.5 mmol) at –78 °C. 

The reaction mixture was allowed to gradually warm up to room temperature and then stirred overnight. The reaction was 

quenched with MeOH/EtOAc and 1 M HCl and the product was extracted with EtOAc. The organic layer was washed with 

water, and dried over MgSO4. After filtration, the obtained solutions were evaporated in vacuum. The obtained residue was 

purified by a silica-gel column chromatography (hexane/ethyl acetate = 40:60), to give 10c as a white solid (0.582 g, quant.). 

mp 173.2−174.1 ℃; IR (KBr) 3556 (s), 3325 (s), 3065 (w), 3032 (w), 2962 (s), 2865 (s), 1599 (w), 1571 (w), 1507 (m), 1387 

(s), 1362 (s), 1295 (w), 1267 (m), 1233 (m), 996 (s), 940 (w), 836 (m) cm‒1; 1H NMR (400 MHz, CDCl3) 8.07‒8.05 (m, 1H), 

8.01‒7.98 (m, 1H), 7.57‒7.53 (m, 2H), 7.31 (d, J = 8.4 Hz, 2H), 7.21 (d, J = 8.8 Hz, 2H), 7.07 (s, 1H), 4.53 (s, 2H), 4.18 (d, J 

= 3.6 Hz, 2H), 2.62 (s, 3H), 2.56 (s, 3H), 1.30 (s, 9H); 13C NMR (100 MHz, CDCl3) 150.3, 142.2, 137.5, 137.1, 135.2, 133.0, 

132.2, 132.1, 129.2, 129.0, 128.2, 125.9, 125.5, 125.04, 125.01, 124.7, 64.1, 62.8, 34.6, 31.4, 19.5, 15.9; MS (EI+, 70eV) m/z 

374 (M+, 76), 299 (100), 255 (21), 57 (66); HRMS (EI+, 70 eV) Calculated: (C26H30O2) 374.2246 (M+), Found: 374.2249. 

 

2-((1,4-dimethylnaphthalen-2-yl)(p-tolyl)methylene)malonaldehyde 11b 

 

To a solution of 10b (1.51 g, 4.54 mmol) in CHCl3 (40 mL) was added MnO2 (18.1 g, 209 mmol) at room temperature. The 

reaction mixture was stirred at the temperature 41 h. The MnO2 was removed by filtration through a celite pad. The filtrate was 

evaporated and the residue obtained was purified by column chromatography on silica gel (hexane/ethyl acetate 8:2) to give 

11b as a yellow solid (2.02 g, quant.). 

mp 119.8−120.3 ℃; IR (KBr) 3072 (w), 2992 (w), 2922 (w), 2843 (m), 2741 (w), 1686 (s), 1656 (s), 1604 (s), 1563 (m), 1445 

(m), 1339 (m), 1305 (m), 1265 (m), 1184 (m), 1164 (w), 1002 (w), 848 (s), 829 (m) cm‒1; 1H NMR (400 MHz, CDCl3) 9.77 

(d, J = 2.4 Hz, 1H), 9.43 (d, J = 1.6 Hz, 1H), 8.11‒8.08 (m, 1H), 8.07‒8.04 (m, 1H), 7.66‒7.61 (m, 2H), 7.23 (d, J = 7.6 Hz, 

2H), 7.15 (d, J = 8.0 Hz, 2H), 7.00 (s, 1H), 2.65 (s, 3H), 2.48 (s, 3H), 2.42 (s, 3H); 13C NMR (100 MHz, CDCl3) 190.5, 190.1, 

171.5, 143.15, 143.09, 135.1, 134.3, 133.7, 133.3, 133.0, 132.3, 131.6, 129.6, 127.9, 127.1, 126.9, 125.4, 125.0, 21.8, 19.5, 

16.6; MS (EI+, 70eV) m/z 328 (M+, 17), 313 (100), 299 (23), 285 (13); HRMS (EI+, 70 eV) Calculated: (C23H20O2) 328.1463 

(M+), Found: 328.1458. 

 

2-((4-(tert-butyl)phenyl)(1,4-dimethylnaphthalen-2-yl)methylene)malonaldehyde 11c 
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To a solution of 10c (0.914 g, 2.44 mmol) in CHCl3 (40 mL) was added MnO2 (6.32 g, 72.6 mmol) at room temperature. The 

reaction mixture was stirred at the temperature 14 h. The MnO2 was removed by filtration through a celite pad. The filtrate was 

evaporated and the residue obtained was purified by column chromatography on silica gel (hexane/ethyl acetate 8:2) to give 

11c as a yellow solid (0.767 g, 85%). 

mp 176.5−177.1 ℃; IR (KBr) 3073 (m), 2962 (s), 2844 (s), 1729 (s), 1699 (s), 1661 (s), 1505 (m), 1195 (m), 1166 (m), 1127 

(w), 982 (m), 854 (s), 804 (s) cm‒1; 1H NMR (400 MHz, CDCl3) 9.78 (d, J = 2.4 Hz, 1H), 9.43 (d, J = 2.4 Hz, 1H), 8.11‒8.09 

(m, 1H), 8.07‒8.05 (m, 1H), 7.65‒7.62 (m, 2H), 7.43 (d, J = 8.8 Hz, 2H), 7.20 (d, J = 8.8 Hz, 2H), 7.02 (s, 1H), 2.66 (s, 3H), 

2.49 (s, 3H), 1.34 (s, 9H); 13C NMR (100 MHz, CDCl3) 190.6, 190.1, 171.3, 156.0, 135.2, 134.1, 133.7, 133.3, 132.9, 132.8, 

132.1, 131.5, 127.8, 127.1, 126.8, 125.8, 125.4, 125.0, 35.2, 31.2, 19.5, 16.5; MS (EI+, 70eV) m/z 370 (M+, 13), 355 (100), 313 

(15), 156 (11); HRMS (EI+, 70 eV) Calculated: (C26H26O2) 370.1933 (M+), Found: 370.1931; Analysis C26H26O2 (370.49) 

Calculated: C, 84.29; H, 7.07; O, 8.64, Found: C, 83.98; H, 6.89. 

 

2-((1,4-dimethylnaphthalen-2-yl)(p-tolyl)methylene)-1,3-dimesitylpropane-1,3-diol 12b 

 

A solution of mesitylmagnesium bromide (25.6 mmol) in THF (20 mL) was added to a solution of 11b (1.295 g, 3.94 mmol) 

in THF (40 mL) at 0 °C and the mixture was stirred for 2.5 h at room temperature and quenched with saturated aqueous NH4Cl. 

The product was extracted with ethyl acetate. The organic layer was washed with water and dried over MgSO4. The filtrate 

was evaporated and the residue was purified by column chromatography on silica gel (hexane, then hexane/ethyl acetate 80:20) 

to give two fractions (fractions A and B) of 11b as pale yellow solids (1.56 g (fractions A/B = 14:1), 68%). Each fraction 

consisted of inseparable diastereo mixture and all spectroscopic data for each fraction were recorded using the mixture. Because 

of the diastereo mixture, NMR spectra were not analyzed except for signal picking. 

fraction A: Rf = 0.47 (EtOAc/hexane = 1:4); mp 107.5−108.2 ℃; IR (KBr) 3517 (m), 3351 (m), 3066 (m), 2953 (s), 2919 (s), 

2859 (s), 2728 (w), 1610 (s), 1572 (w), 1508 (s), 1444 (s), 1383 (s), 1261 (m), 1234 (m), 1113 (w), 1077 (w), 1041 (s), 946 

(w), 912 (m), 825 (s) cm‒1; 1H NMR (400 MHz, CDCl3) 7.94 (d, J = 8.4 Hz), 7.90 (d, J = 8.0 Hz), 7.81‒7.79 (m), 7.76‒7.73 

(m), 7.51‒7.48 (m), 7.45 (d, J = 8.8 Hz), 7.42‒7.36 (m), 7.29 (s), 6.99 (d, J = 8.4 Hz), 6.94 (s), 6.89 (d, J = 8.8 Hz), 6.78 (s), 

6.75 (d, J = 4.8 Hz), 6.72 (d, J = 8.4 Hz), 6.68 (s), 6.60 (s), 6.35 (s), 6.34 (s), 6.23 (s), 6.09 (s), 6.07 (s), 5.94 (s), 5.83 (s), 4.19 

(d, J = 6.8 Hz), 2.84 (s), 2.72 (s), 2.68 (s), 2.41 (s), 2.38 (s), 2.36 (s), 2.34 (s), 2.28 (s), 2.27 (s), 2.23 (s), 2.20 (s), 2.19 (s), 2.17 

(s), 2.15 (s), 2.13 (s), 2.12 (s), 2.09 (s), 2.03 (s), 1.95 (s), 1.79 (s); 13C NMR (100 MHz, CDCl3) 144.6, 140.0, 139.8, 139.5, 

139.4, 139.0, 138.9, 138.4, 138.3, 138.1, 137.6, 137.2, 137.1, 136.9, 136.8, 136.6, 136.5, 136.4, 136.34, 136.27, 136.2, 136.03, 

135.99, 135.89, 135.0, 134.8, 134.0, 133.1, 132.83, 132.80, 131.8, 131.5, 131.0, 130.7, 130.6, 130.4, 130.0, 129.8, 129.7, 129.5, 

129.2, 129.0, 128.4, 128.1, 128.03, 127.97, 127.7, 127.3, 126.2, 125.3, 125.1, 125.0, 124.9, 124.8, 124.7, 124.6, 124.3, 124.2, 

123.9, 85.5, 85.0, 74.1, 73.9, 73.3, 22.3, 21.8, 21.5, 21.3, 21.14, 21.09, 21.05, 21.00, 20.9, 20.80, 20.75, 20.7, 20.4, 20.0, 19.3, 

19.22, 19.18, 16.9, 15.8; HRMS (ESI) Calculated: (C41H44O2Na) 591.32335 ([M+Na]+), Found: 591.32358. 

fraction B: Rf = 0.23 (EtOAc/hexane = 1:4); mp 68.1−69.0 ℃; IR (KBr) 3347 (m), 3067 (w), 2919 (s), 2858 (m), 1645 (s), 

1609 (m), 1571 (w), 1508 (m), 1479 (m), 1446 (s), 1383 (m), 1343 (w), 1258 (w), 1139 (w), 1076 (w), 1041 (s), 1011 (m), 849 

(m), 825 (m) cm‒1; 1H NMR (400 MHz, CDCl3) 7.94 (d, J = 8.8 Hz), 7.80‒7.78 (m), 7.75‒7.73 (m), 7.47‒7.41 (m), 7.39‒7.37 

(m), 7.28 (s), 7.13 (s), 6.99 (d, J = 8.0 Hz), 6.81 (d, J = 8.0 Hz), 6.78 (s), 6.72 (d, J = 8.0 Hz), 6.68 (s), 6.60 (s), 6.44 (d, J = 4.8 

Hz), 6.35 (s), 6.33 (s), 6.23 (s), 6.09 (s), 6.06 (s), 5.93 (s), 5.82 (s), 4.17 (d, J = 7.2 Hz), 2.84 (s), 2.73 (s), 2.40 (s), 2.38 (s), 
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2.36 (s), 2.27 (s), 2.26 (s), 2.27 (s), 2.19 (s), 2.18 (s), 2.17 (s), 2.11 (s), 2.09 (s), 2.02 (s), 1.95 (s), 1.90 (s), 1.87 (s), 1.78 (s); 

13C NMR (100 MHz, CDCl3) 144.6, 139.8, 139.5, 139.4, 139.0, 138.9, 138.2, 137.2, 137.1, 136.9, 136.8, 136.6, 136.5, 136.4, 

136.4, 136.33, 136.28, 136.2, 136.03, 135.99, 135.96, 135.9, 134.8, 133.0, 132.8, 131.8, 131.5, 131.0, 130.9, 130.8, 130.7, 

130.0, 129.8, 129.7, 129.57, 129.52, 129.4, 129.3, 129.2, 129.1, 128.4, 128.1, 128.02, 127.97, 127.7, 126.2, 126.0, 125.3, 125.0, 

124.9, 124.8, 124.7, 124.19, 124.17, 123.9, 74.1, 73.9, 73.3, 22.3, 21.50, 21.45, 21.3, 21.1, 21.0, 20.80, 20.75, 20.73, 20.68, 

20.4, 20.13, 20.10, 19.4, 19.3, 19.2, 19.0, 16.9; HRMS (ESI) Calculated: (C41H44O2Na) 591.32335 ([M+Na]+), Found: 

591.32292. 

 

2-((4-(tert-butyl)phenyl)(1,4-dimethylnaphthalen-2-yl)methylene)-1,3-dimesitylpropane-1,3-diol 12c 

 

A solution of mesitylmagnesium bromide (6.53 mmol) in THF (10 mL) was added to a solution of 11c (0.374 g, 1.01 mmol) in 

THF (10 mL) at 0 °C and the mixture was stirred for 2.5 h at room temperature and quenched with saturated aqueous NH4Cl. 

The product was extracted with ethyl acetate. The organic layer was washed with water and dried over MgSO4. The filtrate 

was evaporated and the residue was purified by column chromatography on silica gel (hexane, then hexane/ethyl acetate 75:25) 

to give two fractions (fractions A and B) of the target molecules as pale yellow solids (0.588 g (fractions A/B = 60:40), 95%). 

Each fraction consisted of inseparable diastereo mixture and all spectroscopic data for each fraction were recorded using the 

mixture. Because of the diastereo mixture, NMR spectra were not analyzed except for signal picking.   

fraction A: Rf = 0.42 (EtOAc/hexane = 17:83); mp 74.1−74.5 ℃; IR (KBr) 3521 (s), 3357 (s), 3068 (s), 2920 (s), 2729 (w), 

1650 (w), 1610 (s), 1573 (m), 1507 (s), 1446 (s), 1269 (s), 1200 (m), 1153 (w), 1077 (w), 1013 (s), 932 (w), 880 (s), 847 (s) 

cm‒1; 1H NMR (400 MHz, CDCl3) 7.99 (d, J = 8.4 Hz), 7.85‒7.83 (m), 7.78‒7.74 (m), 7.52‒7.44 (m), 7.43‒7.40 (m), 7.26 (s), 

7.25 (s), 7.17 (d, J = 8.4 Hz), 6.99 (s), 6.92 (d, J = 8.8 Hz), 6.84 (d, J = 7.6 Hz), 6.76 (s), 6.60 (s), 6.42 (s), 6.36 (s), 6.24 (s), 

6.17 (s), 6.15 (d, J = 6.4 Hz), 5.98 (s), 5.91 (s), 4.22 (d, J = 7.2 Hz), 2.91 (s), 2.76 (s), 2.73 (s), 2.49 (s), 2.40 (s), 2.38 (s), 2.36 

(s), 2.27 (s), 2.21 (s), 2.16 (s), 2.14 (s), 2.11 (s), 2.01 (s), 1.86 (s), 1.28 (s), 1.26 (s), 1.22 (s); 13C NMR (100 MHz, CDCl3) 

149.4, 148.8, 143.9, 139.45, 139.37, 139.3, 139.1, 138.8, 138.3, 137.6, 137.4, 136.9, 136.8, 136.7, 136.6, 136.4, 136.24, 136.20, 

136.0, 135.9, 135.1, 133.0, 132.8, 131.7, 131.5, 131.0, 130.5, 130.1, 130.0, 129.8, 129.5, 129.25, 129.18, 128.1, 127.7, 127.2, 

126.1, 125.3, 125.1, 125.0, 124.9, 124.8, 124.7, 124.2, 124.1, 124.0, 76.6, 74.4, 73.7, 73.5, 34.4, 34.3, 31.8, 31.4, 31.3, 31.2, 

22.1, 21.4, 21.1, 20.9, 20.8, 20.7, 20.4, 19.3, 19.1, 16.8, 16.7; HRMS (ESI) Calculated: (C44H50O2Na) 633.37030 ([M+Na]+), 

Found: 633.37104. 

 

fraction B: Rf = 0.23 (EtOAc/hexane = 17:83); mp 184.2−185.1 ℃; IR (KBr) 3328 (s), 3068 (w), 2962 (s), 2918 (s), 2865 (s), 

1611 (m), 1507 (m), 1479 (m), 1461 (s), 1424 (m), 1381 (m), 1362 (m), 1269 (m), 1200 (w), 1138 (w), 1044 (s), 1028 (s), 

877 (w), 847 (s) cm‒1; 1H NMR (400 MHz, CDCl3) 7.97 (d, J = 8.4 Hz), 7.82‒7.80 (m), 7.75 (d, J = 8.8 Hz), 7.50‒7.44 (m), 

7.42‒7.38 (m), 7.22 (d, J = 7.6 Hz), 7.14 (d, J = 8.0 Hz), 6.89 (d, J = 8.4 Hz), 6.81 (d, J = 6.0 Hz), 6.74 (s), 6.58 (s), 6.40 (s), 

6.34 (s), 6.21 (s), 6.15 (s), 5.96 (s), 5.89 (s), 4.14 (d, J = 6.8 Hz), 3.95 (s), 3.56 (s), 2.88 (s), 2.46 (s), 2.38 (s), 2.34 (s), 2.24 

(s), 2.18 (s), 2.14 (s), 2.11 (s), 2.08 (s), 1.99 (s), 1.83 (s), 1.24 (s), 1.18 (s); 13C NMR (100 MHz, CDCl3) 149.4, 148.8, 143.9, 

139.5, 139.4, 139.3, 139.1, 138.8, 137.6, 137.4, 137.0, 136.8, 136.7, 136.6, 136.5, 136.32, 136.29, 136.1, 136.0, 135.1, 133.1, 
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132.8, 131.7, 131.5, 131.0, 130.6, 130.2, 130.1, 129.8, 129.6, 129.3, 129.2, 128.1, 127.7, 126.1, 125.3, 125.0, 124.9, 124.8,  

124.7, 124.2, 124.1, 124.0, 76.7, 74.4, 73.8, 73.5, 34.5, 34.3, 31.4, 31.3, 22.1, 21.4, 21.2, 20.9, 20.8, 20.7, 20.4, 19.4, 19.2, 

16.8, 16.7; HRMS (ESI) Calculated: (C44H50O2Na) 633.37030 ([M+Na]+), Found: 633.37116. 

 

11,12-Dimesityl-2,5,10-trimethyl-11,12-dihydrobenzo[5,6]pentaleno[1,2-b]naphthalene 13b 

 

To a solution of 12b (1.53 g, 2.69 mmol) in chlorobenzene (20 mL) was added polyphosphoric acid (two medicine spoons, ~6 

g) at room temperature and the mixture was heated at 130 °C for 35 h. After cooling to room temperature, the organic layer 

was decanted and evaporated. The residue obtained was purified by column chromatography on silica gel (hexane, then 

hexane/ethyl acetate 97:3), to give 13b of a single diastereoisomer as a colorless solid (0.624 g, 43%). Single crystals suitable 

for X-ray crystallographic analysis were obtained from a solution of CH2Cl2/hexane.  

mp 253.4−254.2 ℃; IR (KBr) 3068 (m), 3001 (s), 2963 (s), 2912 (s), 2857 (s), 2733 (m), 2400 (w), 1883 (w), 1750 (w), 1719 

(w), 1610 (s), 1573 (m), 1474 (s), 1379 (s), 1362 (m), 1351 (m), 1141 (w), 1077 (w), 1027 (m), 988 (m), 928 (m), 847 (s), 809 

(s) cm‒1; 1H NMR (400 MHz, CDCl3) 8.22 (d, J = 8.4 Hz, 1H), 8.08 (d, J = 8.0 Hz, 1H), 7.96 (d, J = 8.4 Hz, 1H), 7.54 (t, J = 

7.4 Hz, 1H), 7.47 (t, J = 7.8 Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 6.99 (s, 1H), 6.83 (s, 1H), 6.78 (s, 1H), 6.70 (s, 1H), 6.60 (s, 

1H), 5.00 (s, 1H), 4.67 (s, 1H), 3.28 (s, 3H), 2.33 (s, 3H), 2.28 (s, 3H), 2.24 (s, 3H), 2.23 (s, 3H), 1.683 (s, 3H), 1.679 (s, 3H), 

1.49 (s, 3H), 1.36 (s, 3H); 13C NMR (100 MHz, CDCl3) 162.9, 152.1, 146.8, 146.2, 138.6, 138.1, 138.0, 137.52, 137.50, 136.6, 

136.3, 135.9, 134.7, 133.2, 133.1, 132.4, 131.4, 130.3, 130.0, 129.2, 128.8, 127.5, 127.3, 125.1, 125.0, 124.7, 124.6, 124.1, 

123.2, 122.1, 47.6, 47.1, 21.3, 21.0, 20.9, 20.6 (two signals are overlapped.), 18.8, 18.6, 18.3, 14.4; MS (EI+, 70eV) m/z 532 

(M+, 58), 517 (100), 266 (11); HRMS (EI+, 70 eV) Calculated: (C41H40) 532.3130 (M+), Found: 532.3125. 

 

2-(tert-Butyl)-11,12-dimesityl-5,10-dimethyl-11,12-dihydrobenzo[5,6]pentaleno[1,2-b]naphthalene 13c 

 

To a solution of 12c (1.56 g, 2.55 mmol) in chlorobenzene (23 mL) was added polyphosphoric acid (three medicine spoons, ~9 

g) at room temperature and the mixture was heated at 130 °C for 20 h. After cooling to room temperature, the organic layer 

was decanted and evaporated. The residue obtained was purified by column chromatography on silica gel (hexane, then 

hexane/ethyl acetate 98:2), to give 13c of a single diastereoisomer as a pale brown solid (1.47 g, 74%). 

mp 161.2−162.0 ℃; IR (KBr) 3070 (w), 2961 (s), 2914 (s), 2863 (s), 2733 (w), 1610 (m), 1572 (w), 1477 (s), 1458 (m), 1378 

(m), 1362 (m), 1255 (w), 1026 (w), 923 (w), 887 (w), 849 (m), 815 (m) cm‒1; 1H NMR (400 MHz, CDCl3) 8.22 (d, J = 8.4 Hz, 

1H), 8.14 (d, J = 8.4 Hz, 1H), 7.96 (d, J = 8.4 Hz, 1H), 7.54 (t, J = 7.4 Hz, 1H), 7.49‒7.43 (m, 2H), 7.17 (s, 1H), 6.83 (s, 1H), 

6.79 (s, 1H), 6.69 (s, 1H), 6.59 (s, 1H), 4.98 (s, 1H), 4.72 (s, 1H), 3.29 (s, 3H), 2.28 (s, 3H), 2.23 (s, 6H), 1.66 (s, 6H), 1.45 (s, 

3H) , 1.36 (s, 3H), 1.29 (s, 9H); 13C NMR (100 MHz, CDCl3) 163.3, 152.1, 148.1, 146.8, 146.1, 144.0, 138.6, 138.1, 137.9, 

137.5, 136.6, 136.1, 135.9, 133.1, 133.0, 132.3, 131.4, 130.2, 130.0, 129.2, 128.8, 127.4, 125.0, 124.7, 124.6, 124.1, 123.4,  

123.2, 121.8, 121.1, 48.0, 47.1, 34.7, 31.7, 21.0, 20.9, 20.7, 20.6, 18.8, 18.5, 18.4, 14.4; MS (EI+, 70eV) m/z 574 (M+, 87), 559 
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(100), 503 (19), 287 (13); HRMS (EI+, 70 eV) Calculated: (C44H46) 574.3600 (M+), Found: 574.3596. 

 

11,12-Dimesityl-2,5,10-trimethylbenzo[5,6]pentaleno[1,2-b]naphthalene dianion 6b2‒ 

 

In a nitrogen-filled glove box, to a solution of 13b (0.0248 g, 0.0465 mmol) in THF (0.15 ml) was added nBuLi (0.059 mL, 

0.0946 mmol, 1.6 M in hexane) at –35 ℃. The reaction mixture was further stirred for 15 h at room temperature, to afford as 

a deep-green solution of 6b2‒. The dianion was subsequently oxidized without isolation. According to the NMR monitoring, 

the dianion was generated quantitatively. 

1H NMR (600 MHz, THF-d8) 8.14 (d, J = 7.8 Hz, 1H, 10-H), 7.85 (d, J = 8.4 Hz, 1H, 4-H), 7.58 (d, J = 8.4 Hz, 1H, 1-H), 6.84 

(t, J = 7.2 Hz, 1H, 2-H), 6.68 (t, J = 7.2 Hz, 1H, 3-H), 6.48 (s, 2H, 32-H2), 6.42 (s, 1H, 13-H), 6.42 (s, 2H, 26H), 6.25 (d, J = 

7.8 Hz, 1H, 11-H), 3.55 (s, 3H, 32-H), 2.34 (s, 3H, 22-H), 2.26 (s, 3H, 23-H), 2.18 (s, 3H, 35-H), 2.17 (s, 3H, 29-H), 1.88 (s, 

6H, 34-H), 1.87 (s, 6H, 28-H); 13C NMR (150 Hz, THF-d8) 146.4 (s), 143.1 (s, C-24), 139.8 (s, C-30), 138.5 (s, C-25), 138.1 

(s, C-31), 137.9 (s, C-18), 137.8 (s), 130.6 (s, C-33), 130.1 (s, C-27), 129.5 (s, C-7), 127.4 (s, C-20), 127.0 (d, C-32), 126.5 (d, 

C-26), 123.2 (s, C-5), 121.9 (s, C-9), 121.8 (d, C-4), 120.8 (s, C-12), 120.3 (d, C-1), 117.5 (d, C-2), 115.9 (d, C-10), 113.8 (d, 

C-13), 112.9 (d, C-3), 110.9 (s, C-6), 110.7 (d, C-11), 106.0 (s, C-19), 101.9 (s), 90.9 (s, C-15), 88.9 (s, C-17), 22.6 (q, C-22), 

22.4 (q, C-28), 22.0 (q, C-34), 21.21 (q, C-29), 21.17 (q, C-35), 19.9 (q, C-21), 15.5 (q, C-23); 7Li{1H} NMR (155 MHz, THF-

d8) (LiCl in THF-d8 as external standard) –1.41. 

 

2-(tert-butyl)-11,12-dimesityl-5,10-dimethylbenzo[5,6]pentaleno[1,2-b]naphthalene dianion 6c2‒ 

 

In a nitrogen-filled glove box, to a solution of 13c (0.0235 g, 0.0409 mmol) in THF (0.15 ml) was added nBuLi (0.059 mL, 

0.0946 mmol, 1.6 M in hexane) at –35 ℃. The reaction mixture was further stirred for 15 h at room temperature, to afford as 

a deep-green solution of 6c2‒. The dianion was subsequently oxidized without isolation. According to the NMR monitoring, 

the dianion was generated quantitatively. 

1H NMR (600 MHz, THF-d8) 8.18 (d, J = 7.8 Hz, 1H, 10-H), 7.85 (d, J = 8.4 Hz, 1H, 4-H), 7.58 (d, J = 8.4 Hz, 1H, 1-H), 6.84 

(t, J = 7.2 Hz, 1H, 2-H), 6.70 (s, 1H, 13-H), 6.68 (t, J = 7.5 Hz, 1H, 3-H), 6.51 (d, J = 8.4 Hz, 1H, 11-H), 6.47 (s, 2H, 32-H), 

6.42 (s, 2H, 26-H), 3.56 (s, 3H, 21-H), 2.26 (s, 3H, 23-H), 2.18 (s, 3H, 35-H), 2.17 (s, 3H, 29-H), 1.89 (s, 6H, 34-H), 1.86 (s, 

6H, 28-H), 1.33 (s, 9H, 22-H); 13C NMR (150 MHz, THF-d8) 146.2 (s, C-16), 143.0 (s, C-24), 139.8 (s, C-30), 138.5 (s, C-25), 

137.99 (s, C-31), 137.95 (s, C-18), 137.9 (s, C-14), 134.9 (s, C-12), 130.5 (s, C-33), 130.1 (s, C-27), 129.4 (s, C-7), 127.6 (s, 

C-20), 127.1 (d, C-32), 126.6 (d, C-26), 123.3 (s, C-5), 121.9 (s, C-9), 121.8 (d, C-4), 120.3 (d, C-1), 117.6 (d, C-2), 115.9 (d, 

C-10), 113.0 (d, C-3), 110.8 (s, C-6), 110.0 (d, C-13), 107.2 (d, C-11), 105.8 (s, C-19), 101.32 (s, C-8), 91.8 (s, C-15), 88.8 (s, 

C-17), 34.7 (s, C-36), 33.0 (q, C-22), 22.4 (q, C-28), 22.1 (q, C-34), 21.23 (s, C-29), 21.20 (q, C-35), 19.9 (q, C-21), 15.5 (q, 
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C-23); 7Li{1H} NMR (233 MHz, THF-d8) (LiCl in THF-d8 as external standard) ‒0.21, –1.19. 

 

11,12-dimesityl-2,5,10-trimethylbenzo[5,6]pentaleno[1,2-b]naphthalene 6b 

 

In a nitrogen-filled glove box, a solution of p-chloranil (0.1 mmol) in toluene (2 mL) was added to a solution of fresh 6b2‒ in 

THF-d8. The reaction mixture was stirred for 1 h at room temperature and the solvent was removed in vacuum. 

Dichloromethane and hexane were added to the residue and insoluble materials were removed by filtration through a cotton. 

The filtrate was evaporated to remove the solvent to give 6b as a reddish-brown solid (0.040 g, 81%). 

mp 120.3‒120.7 ℃ (decomposed); IR (KBr) 3067 (w), 2923 (s), 2852 (m), 1701 (w), 1610 (w), 1457 (m), 1377 (w), 1261 (w), 

1094 (w), 1032 (w), 849 (w), 804 (w) cm–1; 1H NMR (600 MHz, THF-d8, ‒60 ℃) 7.28 (d, J = 8.4 Hz, 1H, 4-H), 7.18 (d, J = 

7.8 Hz, 1H, 1-H), 7.02 (t, J = 7.5 Hz, 1H, 3-H), 6.89 (t, J = 7.5 Hz, 1H, 2-H), 6.55 (s, 2H, 26-H), 6.48 (s, 2H, 32-H), 6.27 (d, J 

= 9.6 Hz, 1H, 10-H), 5.55 (d, J = 9.6 Hz, 1H, 11-H), 4.97 (s, 1H, 13-H), 2.14 (s, 3H, 21-H), 2.11 (s, 6H, 28-H), 2.10 (s, 3H, 

29-H), 2.09 (s, 6H, 34-H), 2.07 (s, 3H, 35-H), 1.51 (s, 3H, 22-H), 1.47 (s, 3H, 23-H); 13C NMR (150 Hz, THF-d8, ‒60 ℃) 

157.8 (s), 156.6 (s), 154.7 (s), 146.7 (s, C-18), 138.2 (s, C-5), 137.6 (s, C-9), 137.5 (s, C-27), 137.1 (s, C-31), 136.8 (s), 136.7 

(s, C-12), 136.3 (s, C-20), 135.9 (s, C-33), 135.8 (s, C-7), 134.61 (s, C-25), 134.56 (s, C-19), 133.3 (d, C-11), 132.7 (s, C-24), 

130.1 (s, C-30), 129.0 (d, C-3), 128.1 (d, C-26), 127.6 (d, C-32), 127.0 (d, C-10), 126.7 (two signals are overlapped, d, C-1, C-

2), 125.61 (s, C-15), 125.56 (d, C-4), 125.0 (s, C-6), 123.7 (d, C-13), 21.0 (q, C-22), 20.9 (q, C-35), 20.6 (q, C-34), 20.2 (q, C-

29), 19.9 (q, C-28), 17.4 (q, C-21), 11.9 (q, C-23); MS (EI+, 70 eV) m/z 528 (M+, 100), 126 (24), 112 (21), 48 (9); HRMS (EI+, 

70 eV) Calculated: (C41H38) 530.2974 (M+), Found: 530.2956. 

 

2-(tert-butyl)-11,12-dimesityl-5,10-dimethylbenzo[5,6]pentaleno[1,2-b]naphthalene 6c 

 

In a nitrogen-filled glove box, a solution of p-chloranil (0.09 mmol) in toluene (2 mL) was added to a solution of fresh 6c2‒ in 

THF-d8. The reaction mixture was stirred for 1 h at room temperature and the solvent was removed in vacuum. Toluene (2 mL) 

and hexane (3 mL) were added to the residue and insoluble materials were removed by filtration through a cotton. The filtrate 

was evaporated to remove the solvent. The filtrate was evaporated to remove the solvent to give 6c as a reddish-brown solid 

(0.047 g, quant.). 

mp 93.7‒94.2 ℃ (decomposed); IR (KBr) 3072 (w), 2953 (s), 2923 (s), 2852 (s), 1611 (w), 1563 (m), 1459 (w), 1376 (w), 

1261 (w), 1094 (w), 1023 (w), 846 (w), 802 (w) cm–1; 1H NMR (600 MHz, THF-d8, ‒60 ℃) 7.28 (d, J = 6.0 Hz, 1H, 4-H), 

7.19 (d, J = 6.0 Hz, 1H, 1-H), 7.07–6.99 (m, 1H, 3-H), 6.94–6.86 (m, 1H, 2-H), 6.54 (s, 2H, 26-H), 6.46 (s, 2H, 32-H), 6.31 (d, 

J = 9.0 Hz, 1H, 10-H), 5.87 (d, J = 9.0 Hz, 1H, 11-H), 5.06 (s, 1H, 13-H), 2.15(s, 3H, 21-H), 2.14–2.05 (m, 12H, 28-H, 29-H, 

34-H, 35-H), 1.49 (s, 3H, 23-H), 0.91 (s, 9H, 22-H); 13C NMR (150 Hz, THF-d8, ‒60 ℃) 157.6 (s), 156.6 (s), 154.3 (s), 148.8 
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(s, C-12), 146.7 (s, C-18), 138.2 (s, C-5), 137.5 (s, C-9), 137.0 (s, C-31), 136.8 (s, C-7), 136.2 (s, C-20), 135.9 (s, C-33), 135.2 

(s), 134.6 (s, C-25), 134.5 (s, C-19), 132.7 (s, C-24), 130.5 (d, C-11), 130.0 (s, C-30), 129.0 (d, C-3), 128.1 (d, C-26), 127.7 (d, 

C-32), 126.93 (d, C-10), 126.86 (s, C-15), 126.7 (two signals are overlapped, d, C-1, C-2), 125.5 (d, C-4), 124.8 (s, C-6), 119.2 

(s), 119.1 (d, C-13), 33.8 (s, C-36), 20.98 (q, C-35), 20.93 (q, C-29), 20.7 (q, C-34), 20.2 (q, C-28), 17.3 (q, C-21), 14.8 (q, C-

22), 12.0 (q, C-23); MS (EI+, 70 eV) m/z 572 (M+, 100), 286 (10), 111 (11), 57 (16); HRMS (EI+, 70 eV) Calculated: (C44H44) 

572.3443 (M+), Found: 572.3439. 

 

Supporting Information 

11,12-dimesityl-2,5,10-trimethyl-11,12-dihydrobenzo[5,6]pentaleno[1,2-b]naphthalene 13b (CCDC 

2069160) 

  

Figure S1. ORTEP drawings of 13b at the 50% probability level. Recrystallization of 13b from a hexane‒

CH2Cl2 solution gave single crystals for one of the diastereomers of 13b. 

Empirical Formula 
Formula Weight 
Crystal Color, Habit 
 
Crystal Dimensions 
Crystal System 
Lattice Type 
Lattice Parameters 
 
 
 
 
 
 

C44H40 
532.73 
translucent intense colorless, 
block 
0.177 × 0.111 × 0.073 mm 
triclinic 
Primitive 
a = 10.9926(4) Å 
b = 11.1960(3) Å 
c = 14.1753(6) Å 
 = 70.062(3) ° 
 = 76.447(3) ° 
 = 68.407(3) °  
V = 1513.07(10) Å3 

 Space Group 
Z value  
Dcalc 
F000 
(CuK) 
Temperature 
Data/restraints/parameters 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (all data) 
Goodness of Fit Indicator 
 

P-1 (#2) 
2 
1.169 g/cm3 
572.0 
0.491 mm-1 

123 K 
6085/0/379 
0.0465 
0.1324 
1.054 
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2-(tert-butyl)-11,12-dimesityl-5,10-dimethylbenzo[5,6]pentaleno[1,2-b]naphthalene 6c (CCDC 

2069161) 

  

Figure S2. ORTEP drawings of 6c at the 50% probability level. 

A toluene solution of 6c was poured into a quartz tube (external diameter: 3 mm) connected with a Pyrex 

glass neck. The solvent was evaporated under vacuum and the Pyrex part was sealed. The residual solids 

were heated at above 200 ºC by a heatgun to be melted. The melted the solids were cooled to room 

temperature, to afford single crystals. 

Empirical Formula 
Formula Weight 
Crystal Color, Habit 
 
Crystal Dimensions 
Crystal System 
Lattice Type 
Lattice Parameters 
 
 
 

C183H184 
2383.29 
translucent intense red  
needle 
0.138 × 0.051 × 0.033 mm 
orthorhombic 
Primitive 
a = 8.2217(3) Å 
b = 29.1994(15) Å 
c = 30.0025(15) Å 
V = 7202.7(6) Å3 

 Space Group 
Z value  
Dcalc 
F000 
(CuK) 
Temperature 
Data/restraints/parameters 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (all data) 
Goodness of Fit Indicator 
 

P212121 (#19) 
2 
1.099 g/cm3 
2564.0 
0.460 mm-1 

123 K 
14108/0/879 
0.0765 
0.2473 
0.999 
 

 

 

Figure S3. Summary for the observed bond lengths (Å) of the main core of 6c. 

 

Figure S4. Summary for the HOMA values of the main core of 6c. 
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 (A)  (B)  

Figure S5. Temperature-dependent 1H NMR (600 MHz) spectra of 6b in THF-d8. (A) total and (B) aromatic 

region. DMF and hexane were residual solvents, which were used for washing the crude products. 

 

(A)  (B)  

Figure S6. Temperature-dependent 1H NMR (600 MHz) spectra of 6c in THF-d8. (A) total and (B) aromatic 

region. 

 

Table S1. 1H NMR chemical shifts of the main core of 6b and 6b2–. 

 

 

6b 

(1H)/ppm 

6b2– 

(1H)/ppm 

(1H) 

/ ppm a) 

H1 6.27 8.14 –1.87 

H2 7.28 7.85 –0.57 

H3 7.02 6.68 0.34 

H4 6.89 6.84 0.05 

H5 7.18 7.58 –0.40 

H6 4.97 6.42 –1.45 

H7 5.55 6.25 –0.70 

a)(1H) = (1H)(6b) – (1H)(6b2–), n.d. = not determined. 
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Table S2. 13C NMR chemical shifts of the main core of 6b and 6b2–. 

 

   

 

  

6b 

(13C)/p

pm 

6b2– 

(13C)/

ppm 

(13C) 

/ ppm a 

6b 

(13C)/p

pm 

6b2– 

(13C)/

ppm 

(13C) 
/ ppm a 

C1 123.7 113.8 9.90 C7 129.0 112.9 16.1 

C2 136.7 120.8 15.9 C8 126.7 117.5 9.20 

C3 133.3 110.7 22.6 C9 126.7 120.3 6.40 

C4 127.0 115.9 11.1 C9a 136.3 127.4 8.90 

C4a 137.6 121.9 15.7 C10 134.56 106.0 28.6 

C4b n.d. n.d. ‒ C10a 146.7 137.9 8.80 

C4c 135.8 129.5 6.30 C11 n.d. 88.9 ‒ 

C5 125.0 110.9 14.1 C11a n.d. n.d. ‒ 

C5a 138.2 123.2 15.0 C12 125.61 90.9 34.7 

C6 125.56 121.8 3.76 C12a n.d. n.d. ‒ 

a)(13C) = (13C)(6b) – (13C)(6b2–), n.d. = not determined. 

 

Table S3. 1H NMR chemical shifts of the main core of 6c and 6c2–. 

 

 

6c 

(1H)/ppm 

6c2– 

(1H)/ppm 

(1H) 

/ ppm a) 

H1 6.31 8.18 –1.87 

H2 7.28 7.85 –0.57 

H3 7.03 6.68 0.35 

H4 6.90 6.84 0.06 

H5 7.19 7.58 –0.39 

H6 5.06 6.70 –1.64 

H7 5.87 6.51 –0.64 

a)(1H) = (1H)(6c) – (1H)(6c2–), n.d. = not determined. 

 

Table S4. 13C NMR chemical shifts of the main core of 6c and 6c2–. 

 

6c 

(13C) 

6c2– 

(13C) 
(13C) 

 

6c 

(13C) 

6c2– 

(13C) 
(13C) 

/ppm /ppm / ppm a /ppm /ppm / ppm a 

C1 119.1 110.0 9.10 C7 129.0 113.0 16.0 

C2 148.8 134.9 13.9 C8 126.7 117.6 9.10 

C3 130.5 107.2 23.3 C9 126.7 120.3 6.40 

C4 126.93 115.9 11.0 C9a 136.2 127.6 8.60 

C4a 137.5 121.9 15.6 C10 134.5 105.8 28.7 

C4b n.d. 101.32 ‒ C10a 146.7 137.95 8.75 
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C4c 136.8 129.4 7.40 C11 n.d. 88.8 ‒ 

C5 124.8 110.8 14.0 C11a n.d. 146.2 ‒ 

C5a 138.2 123.3 14.9 C12 126.86 91.8 35.1 

C6 125.5 121.8 3.70 C12a n.d. 137.9 ‒ 

a)(13C) = (13C)(6c) – (13C)(6c2–), n.d. = not determined. 

 

(A)  (B)  

Figure S7. ESR spectra of a solid sample of 6c. (A) Temperature-dependent ESR spectra. (B) simulated (red) 

and observed (black) spectra (ΔMs = ±1) at 420 K. The microwave frequency used was 9.60730 GHz. The 

zero field splitting parameters and g-value were determined as ǀDǀ = 42.6 mT = 0.0398 cm–1, ǀEǀ = 4.13 mT 

= 0.00386 cm–1 and ǀE/Dǀ = 0.0970, and g-value = 2.002 (line width parameters; x = 3.5 mT, y = 4.0 mT, z = 

6.5 mT) by the spectral simulation. 

 

(A)   (B)  

Figure S8. ESR spectra of the solid sample of 6c. (A) Temperature-dependent ESR spectra (Ms = ±2). (B) 

The change in ESR signal intensity with temperature (○) and the Bleaney–Bowers fit (—). 
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(A)  (B)  

Figure S9. (A) ESR spectrum of a toluene solution of 6c. 9.57726 GHz, g-value = 2.00263, Gain = 5000, 

sweep time = 5 min, modulation amplitude = 0.05 mT. (B) The temperature dependency of the ESR signal 

intensities in the fluid toluene solution. 

 

Figure S10. ESR spectra of a solid sample of 6b. Above 420 K, the signals of thermally excited species of 

6b disappeared and never recovered after re-cooling because of its thermodecomposition. At 450 K, the 

recording the signals was stopped at 380 mT since no fine structure was observed. 
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Figure S11. Electronic absorption spectra of 6b in CH2Cl2 under N2 atmosphere (red) and after 5 min of 

exposure to air (black).  

 

Figure S12. UV/vis/NIR absorption spectra of 1b (black), 4b (green), 5b (blue), and 6b (red) in CH2Cl2. The 

inset shows a magnified view. The background signals at 1700 nm arose from an overtone of the C−H 

vibrations of the solvent. 
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Figure S13. Cyclic voltammograms of 1b (black), 4b (green), 5b (blue), and 6b (red) (V vs Fc/Fc+, in 0.1 M 

nBu4NClO4/CH2Cl2, scan rate = 100 mV/s, room temperature). 

 

Table S5. Summary of the Optoelectronic Properties of 1b, 4b, 5b, and 6b 

 opticala  electrochemicalb 

comp. λmax / nm 

(ε / M−1 cm−1) 

ΔEgap 

 / eV 

 E2
ox, pa 

 / V 

E1
ox 

 / V 

E1
red 

 / V 

E2
red, pc 

 / V 

Δredox E1 

 / eV 

1b 965 (306) 1.28  +0.77 0.0 ‒1.34 ‒2.28 1.34 

4b 925 (120) 1.53  +0.87 +0.13 ‒1.28 ‒2.18 1.41 

5b 808 (105) 1.34  +0.86 +0.23 ‒1.45 ‒2.26 1.68 

6b 983 (135) 1.26  +0.67 ‒0.018 ‒1.45 ‒2.23 1.43 

a) The optical gap ΔEgap is estimated from ΔEgap = 1240/λmax. b) All potentials given versus the Fc/Fc+ couple 

used as internal standard. Δredox E1 = E1
ox− E1

red. 
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In a nitrogen-filled glove box, to a solution of 6c (10 mg, 0.017 mmol) in toluene-d8 (0.4 mL) was added 1,4-

benzoquinone (0.017 mmol) at room temperature. The reaction mixture was loaded with a NMR tube with a 

J.YOUNG valve and was heated at 100 ºC. Periodical 1H NMR monitoring of the reaction mixture indicated 

no consumption of 6c. 

 

Figure S14. 1H NMR spectra (400 MHz, toluene-d8, rt) of the reaction mixture of 6c and 1,4-benzoquinone. 

 

 

In a nitrogen-filled glove box, to a solution of 6c (10 mg, 0.017 mmol) in toluene-d8 (0.4 mL) was added 

fumaronitrile (0.017 mmol) at room temperature. The reaction mixture was loaded with a NMR tube with a 

J.YOUNG valve and was heated at 100 ºC. Periodical 1H NMR monitoring of the reaction mixture indicated 

no consumption of 6c. 

 

Figure S15. 1H NMR spectra (400 MHz, toluene-d8, rt) of the reaction mixture of 6c and fumaronitrile. 

 

 

In a nitrogen-filled glove box, to a solution of 6c (10 mg, 0.017 mmol) in toluene-d8 (0.4 mL) was added 

maleic anhydride (0.017 mmol) at room temperature. The reaction mixture was loaded with a NMR tube 

with a J.YOUNG valve and was heated at 100 ºC. Periodical 1H NMR monitoring of the reaction mixture 

indicated no consumption of 6c. 

 

Figure S16. 1H NMR spectra (400 MHz, toluene-d8, rt) of the reaction mixture of 6c and maleic anhydride. 
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Theoretical calculations 

 

Figure S17. Summary for the bond lengths (Å) of the main core of 6c and computationally optimized 

structure of 6a at the RB3LYP-D3/6-311G* level.  

 

 

(A)  (B)  (C)  

Figure S18. (A) Electrostatic potential map of 6a drawn at the contour level of 0.0015 / Å3 calculated at the 

(BS)-UB3LYP-D3/6-311G* level. Spin density distribution (the contour level of 0.003 / Å3) of the (B) singlet 

and (C) triplet state of 6a calculated by the (BS)-UB3LYP-D3/6-311G* level. Positive (blue) and negative 

(green) spin densities are shown. 

 

 

Figure S19. Summary for NICS(1) values for 6a and 6a2‒ calculated at the GIAO-(R/U)B3LYP/6-

311+G*//RB3LYP-D3/6-311G* level. 
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Figure S20. Summary for AICD plots (isovalue surface: 0.035) of 6a calculated at the CSGT-UB3LYP/6-

311+G*//RB3LYP-D3/6-311G* level. 

 

 

Figure S21. Magnetically-induced current density for 1a, 4a, 5a, 6a and their dianions calculated at the 

GIAO-(R/U)B3LYP/6-311+G* level. Diatropic currents rotate clockwise, while the paratropic ones do 

anticlockwise. The values in the color bar are given in a.u. The current vectors are scaled with a factor of 3 

Å a.u.–1, where 1 a.u. = 100.63 nA T–1 Å–2. The results for 1a, 4a and 5a are taken from our previous paper.46 

 



 41 

 

Figure S22. Current strength [nA T–1] for the peripheral C–C bonds of each system. Current strength is 

evaluated by integrating numerically the MIC densities on the bisection plane of each bond. Diatropic 

currents rotate clockwise, while the paratropic ones do anticlockwise. The results for 1a, 4a and 5a are taken 

from our previous paper.46 

 

Table S6. Singlet-Triplet energy gaps of 6a, 6b' and 6c'. Single point total energies were calculated at the 

SF-NC-TDDFT PBE50/6-311G*//(R/U)B3LYP-D3/6-311G* level. Zero-point vibrational energy (ZPVE) 

correction was estimated from the frequency analysis at the (R/U)B3LYP-D3/6-311G* level. 

 6a 6b' 6c' 

   Conformer 1 Conformer 2 

E(S)@S [hartree] a –768.640228 –1348.196758 –1466.036723 –1466.039527 

E(T)@S [hartree] a –768.621018 –1348.179310 –1466.022839 –1466.022111 

E(S)@S +ZPVE [hartree] –768.389999 –1347.700970 –1465.455631 –1465.458372 

E(T)@T [hartree] a –768.638314 –1348.194840 –1466.037420 –1466.037013 

E(T)@T +ZPVE [hartree] –768.389538 –1347.700262 –1465.457128 –1465.456844 

Vertical ΔEST [kcal/mol] –12.1 –10.9 –8.71 –10.9 

Adiabatic ΔEST (+ZPVE) 

[kcal/mol] 

–0.29 –1.86 –0.78 b 

aE(X)@Y represents the total energy of spin state X (Singlet or Triplet) for a local minimum geometry of 

spin state Y (Singlet or Triplet). bEnergy difference between the red-colored values.  
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Conformer 1 Singlet 

 

 

Conformer 2 Singlet 

 

 

Conformer 1 Triplet 

 

 

Conformer 2 Triplet 

 

 

Figure S23. Geometries of conformers of 6c' obtained from the geometry optimizations. 
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Figure S24. Calculated orbital energy diagram of HOMO–1, HOMO, LUMO, LUMO+1 for 6a at the 

RB3LYP/6-311+G* level. Green and red meshes represent the isosurfaces with contour values of +0.02/–

0.02 a.u., respectively. 

 

Table S7. Summary of the calculated orbital energies of HOMO–1, HOMO, LUMO, LUMO+1 for 1a,46 

4a,46 5a,46 and 6a calculated at the RB3LYP/6-311+G* level 

comp. HOMO–1 / eV HOMO / eV LUMO / eV LUMO+1 / eV ΔEHOMO‒LUMO / eV 

 

1a 

‒6.29 ‒5.01 ‒3.31 ‒0.60 1.70 

 

4a 

‒5.86 ‒5.02 ‒3.28 ‒1.20 1.74 

 

5a 

‒6.05 ‒5.14 ‒3.15 ‒1.14 1.99 

 

6a 

‒6.08 ‒4.98 ‒3.25 ‒1.37 1.73 
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Table S8. Excitation energies of 6a calculated at the TD-UB3LYP/6-311+G*//RB3LYP-D3/6-311G* level. 

a)   

Excited state 

number 

Excitation energy / eV 

(wavelength / nm) 

Excitation amplitudes 

 

Oscillator 

strength 

2 

(<S2> = 0.016) 

1.06 (1164) 0.729 

–0.681 

(HOMOβ – LUMOβ) 

(HOMOα – LUMOα) 

0.0089 

4 

(<S2> = 1.914) 

2.36 (525) 0.634 

–0.572 

–0.281 

–0.247 

(HOMO-2α – LUMOα) 

(HOMO-2β – LUMOβ) 

(HOMO-1α – LUMOα) 

(HOMOβ – LUMO+1β) 

0.0090 

5 

(<S2> = 0.103) 

2.42 (511) 0.652 

0.585 

0.294 

–0.266 

(HOMO-1β – LUMOβ) 

(HOMO-1α – LUMOα) 

(HOMOβ – LUMO+1β) 

(HOMOα – LUMO+1α) 

0.1406 

a) <S2> of S0 state at the UB3LYP/6-311G(d) level is calculated to be 0.0415. 

 

Table S9. Excitation energies of 6a calculated at the TD-RB3LYP/6-311+G*//RB3LYP-D3/6-311G* level.  

Excited state 

number 

Excitation energy / eV 

(wavelength / nm) 

Excitation amplitudes 

 

Oscillator 

strength 

1 1.06 (1169) 0.708 (HOMO – LUMO) 0.0091 

2 2.42 (512) 0.634 

–0.289 

(HOMO-1 – LUMO) 

(HOMO – LUMO+1) 

0.1522 

3 2.90 (427) 0.695 (HOMO-2 – LUMO)  0.0005 

4 3.42 (363) 0.623 

0.259 

0.149 

(HOMO – LUMO+1) 

(HOMO-1 – LUMO) 

(HOMO – LUMO+2) 

0.7071 

5 3.72 (333) 0.468 

0.440 

0.219 

0.121 

(HOMO – LUMO+2) 

(HOMO-3 – LUMO) 

(HOMO-4 – LUMO) 

(HOMO-1 – LUMO+1) 

0.0061 



 45 

 

Figure S25. Plot of the behaviors of open-shell features (y0 or ES‒T) against antiaromatic features ((H1) 

or NICS(1)) for our pentalenes 1 and 4‒6. Plots for (A) y0‒(H1) and (B) y0‒NICS(1). The diradical index 

(y0) was calculated at the LC-UBLYP (μ = 0.33 bohr–1)/6-311G* level. The difference in the proton chemical 

shift (Δδ(H1)) was based on the 1H NMR measurements for the dianion/neutral pentalenes. The NICS(1) 

values of calculated at the GIAO-UB3LYP/6-311+G* level. The averaged values of two pentagons were 

plotted.  

 

Table S10. Calculated Singlet‒Triplet energy gaps of 1a/6a and 4a/5a. Single point total energies were 

calculated at the SF-NC-TDDFT PBE50/6-311G*//(R/U)B3LYP-D3/6-311G* level. Zero-point vibrational 

energy (ZPVE) correction was estimated from the frequency analysis at the (R/U)B3LYP-D3/6-311G* level. 

 

 1a 6a 4a 5a 

Vertical ΔEST @ singlet geometry [kcal/mol] –10.4 –12.1 –16.0 –19.6 

Relaxation energy for triplet state [kcal/mol]  12.9  10.9   9.9  12.4 

Adiabatic ΔEST (w/o ZPVE) [kcal/mol]   +2.5  –1.2  –6.1  –8.2 

Adiabatic ΔEST (w/ ZPVE) [kcal/mol]  +3.2  –0.3  –5.3  –7.3 
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Chapter 2 

 

Synthesis and Characterization of Dinaphtho[2,1-a:2,3-f]pentalene: A Stable 

Antiaromatic/Quinoidal Hydrocarbon Showing Appropriate Carrier 

Mobility in the Amolphous Layer 

 

2-1. Introduction 

Aromaticity and antiaromaticity are important key concepts in understanding and designing the physical 

and chemical properties of planar cyclic -conjugated systems.1–4 Antiaromatic molecules, when prepared 

with reasonable stability and quantity, can exhibit useful applications with distinctly different characteristics 

from aromatic molecules.5 -Extended molecules containing 4n-antiaromatic cores are desirable candidates 

for organic materials because of their fascinating properties such as narrow HOMO–LUMO energy gaps, 

ambipolar redox properties, low-energy absorptions, and paratropic ring currents. These unique electronic 

properties have attracted tremendous interest for their utility in advanced optoelectronic materials.6,7,16–21,8–

15 Among many antiaromatics, dibenzo[a,e]pentalene 1, a well-known non-alternant hydrocarbon22–26 with 

antiaromatic character has emerged as hot topics thanks to various types of synthetic progress (Figure 1A).26–

29 Not only the synthetic accessibilities, but also high thermal stability of various derivatives of 1 have 

recently received significant attractiveness as functional chromophores26 such as organic field-effect 

transistors (OFETs),30–35 organic photovoltaics (OPVs),30,36 single-molecular wires,37 and singlet fissions 

(SFs).38–40 

Recently, the authors have focused on an structural isomer of 1, dibenzo[a,f]pentalene 2.41,42 The isomer 2 

shows an appreciable singlet open-shell character and a pronounced peripheral 16-antiaromatic character 

(resonance structures in Figure 1A). These electronic features of 2 are never shared by 1 with a closed-shell 

and weak paratropic pentalene core. The harmonization of open-shell and antiaromatic characters of 2 

allowed us to systematically address the interrelation between the two characters through additional 

annulations of one or two benzene rings into 2.43 In a series of diareno[a,f]pentalenes 2‒5 (Figures 1A–B), 

the following two principles that govern the interrelation between open-shell and antiaromatic characters are 

derived: (1) the mode of the embedded o-quinoidal moiety and (2) the formal molecular symmetry of the 

ring-fusion pattern.44 The open-shell/closed-shell singlet ground state is attained by the attachment of o-

benzoquinoidal/1,2-naphthoquinoidal moiety into the pentalene skeleton, respectively. The antiaromaticity 

is more pronounced in the pentalenes with C2v-symmetric ring-fusion patterns than those with Cs-symmetric 

ring-fusion patterns. The inherently narrow HOMO‒LUMO energy gaps of 2‒5, originating from the open-

shell and antiaromatic natures, premise potential utility for organic materials, however, the poor stability 

under ambient conditions (the half-lives even for closed-shell 3 and 4 are within 3 days at the most) has 

hampered the investigations of solid-state properties for organic devices.  
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Figure 1. (A) Dibenzo[a,e]pentalene 1 and dibenzo[a,f]pentalene 2 with the resonance structures of 2a. (B) 

Molecular structures of diareno[a,f]pentalenes 3‒5. (C) Molecular structure of dinaphtho[2,1-a:2,3-

f]pentalene 6 with resonance structures of 6a. Gray denotes hexagons with 6-benzenoid character. Blue and 

pink indicate the main 4n -conjugations, 1,2-naphthoquinoid and o-benzoquinoid moieties, respectively. 

 

Herein, the authors report the synthesis and characterization of unsymmetrically dinaphtho-fused pentalene, 

dinaphtho[2,1-a:2,3-f]pentalene 6 (Figure 1C). A reddish-purple solid of the mesityl derivative 6b was 

sufficiently stable in either solid or solution state under ambient conditions. Our experimental and theoretical 

investigations revealed the suppressed antiaromaticity of 6 with closed-shell quinoidal structure, exhibiting 

a hole mobility on the order of 10‒4 cm2 V‒1 s‒1 examined by a space charge limited current (SCLC) method. 
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2-2. Results and Discussion 

The synthetic route of 6b is shown in Scheme 1. According to our previous study on 5,44 a palladium-

catalyzed Suzuki-Miyaura cross-coupling of 7 with 2-naphthylboronic acid furnished diester 8 in 97% yield. 

Reduction of the ester moieties in 8 with iBu2AlH afforded diol 9, and subsequent oxidation gave dialdehyde 

10. Treatment of 10 with mesitylmagnesium bromide afforded diol 11. Intramolecular cyclization of 11 was 

carried out under acidic conditions to afford the hydrocarbon 12 consisting of a consecutive 6-6-5-5-6-6 ring 

system (Figure S1). Oxidation of 12 was conducted through dianion 6b2‒. Treatment of 12 with nBuLi in 

THF cleanly generated dianion 6b2‒. Without isolating 6b2‒ but after confirming by NMR measurements, the 

subsequent two-electron oxidation of 6b2‒ with p-chloranil furnished 6b as a reddish-purple solid. A 

dichloromethane solution of 6b showed no decomposition for over a week upon exposure to air under room 

light at room temperature. The high stability is markedly different form our previous reported 

diareno[a,f]pentalenes 2‒5.42–44 

 

 

Scheme 1. Synthetic route for 6b. TFP = tri(2-furyl)phosphine, Mes = 2,4,6-trimethylphenyl, PPA = 

polyphosphoric acid. 

 

In the 1H NMR spectrum of 6b in THF-d8 collected at room temperature, sharp signals attributed at the 

main core protons were observed, implying the closed-shell singlet ground state of 6b. Theoretical 

calculation also supported the idea. No diradical character of 6b (y0 = 0.00) was estimated calculated at the 

LC-UBLYP (μ = 0.33 bohr–1)/6-311G* level. Antiaromatic character of 6 was evaluated by comparing the 

1H NMR spectra between dianionic 6b2‒ and neutral 6b. As the authors previously demonstrated, the upfield 

shift in the HA proton signals (Scheme 1 and Figure S5) upon a two-electron oxidation of the dianion to the 

corresponding neutral pentalene can assess the shielding effects of the pentalene moiety.43 The corresponding 

upfield shift in the HA proton signals of 6b2‒/6b (Δδ(1HA)) was ‒1.81 ppm, which is the smallest shift among 

the previous analogs 2‒5 (2b2‒/2b: ‒2.47 ppm, 3b2‒/3b: ‒2.44 ppm, 4b2‒/4b: ‒1.89, ‒1.99 ppm, 5b2‒/5b: ‒

1.87 ppm).43,44 The NICS(1) values calculated at the GIAO-RB3LYP/6-311+G* level were consistent with 

the NMR observation (Figure 2A). The positive NICS values on the pentagons of 6a (+14.3 and +10.9) were 

smallest among the previous analogues (2a: +23.8, +27.2; 3a: +29.5, +30.6; 4a: +18.0, +20.4; 5a: +14.1, 
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+20.4 in Figure S11).43,44 The anisotropy of the induced current density (AICD) plots45 revealed the dominant 

4n-conjugated circuit of 6a (Figure 2B). Whilst the clockwise ring currents flowed on the outermost 

hexagons (rings C and C'), the flows of the anticlockwise ring current were confined into the central pentalene 

subunit (rings A and A'), supporting the 8-antiaromatic nature of 6a-II in Figure 1C. The isolation of a 

pentalene subunit is common to 3 and 4,43 in which the aromatic outermost hexagons isolate an 8-conjugated 

system from the global -conjugation, but the evoked paratropicity of 6 is much more suppressed than these 

previous analogs. 

 

 

Figure 2. (A) NICS(1) values of 6a calculated at the GIAO-RB3LYP/6-311+G*//RB3LYP-D3/6-311G* level. 

(B) AICD plots (isovalue surface: 0.035) of 6a with the representations of each ring calculated at the CSGT-

RB3LYP/6-311+G*//RB3LYP-D3/6-311G* level. 

 

Molecular geometry of 6b explained the suppressions of open-shell and antiaromatic characters. A single 

crystal of 6b suitable for X-ray analysis was obtained from a hexane/diethyl ether solution. Two 

crystallographically independent molecules were present in the asymmetric unit, one of which is shown in 

Figure 3A. Because the geometries of the two molecules of 6b are almost identical, the following discussion 

uses the mean values of the two structures (Figure S3). The main core of 6b was nearly plane and the mesityl 

groups formed large dihedral angles with the main core (ca. 77°). The observed bond lengths and harmonic 

oscillator model of the aromaticity (HOMA)46,47 values are summarized in Figures 3B and C. The Cs-

symmetric main core of 6b was characterized by two types of naphtho annulations, 1,2- and 2,3-naphtho 

annulations, into the pentalene core. The two outermost hexagons (rings C and C') show small bond length 

alternations (BLAs) and their HOMA values are close to unity (0.86, 0.94). As demonstrated by NICS and 

AICD analyses, the observation reveals that the local 6-aromatic characters are conceived in these rings. 

The HOMA analysis clearly shows the difference between 1,2- and 2,3-naphtho annulations; while the ring 

B in the 2,3-naphtho annulation still keeps a small BLA (0.46), the ring B' in the 1,2-naphtho annulation 

shows a large BLA (‒0.069). The imbalance of BLA in the inner hexagons strongly induces the quinoidal -

bond localization on the pentalene core (ring A and A') with a large BLA (1.372(2)‒1.493(3) Å, HOMA: ‒

0.25, ‒0.045). Notably, the degree of BLA of 6b is comparable with that of the closed-shell 4b (1.362(6)–

1.502(6) Å).43 From the observed geometry, 6b should be described by the combination of a 1,2-
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naphthoquinoid subunit and a naphthalene core in the ground state (see a canonical structure of 6a-I in Figure 

1C). The large BLA in the pentagons of 6 should cause the quinoidal closed-shell ground state with the 

suppressed antiaromaticity. These evaluations are in accordance with our previous study on the interrelation 

between open-shell and antiaromatic characters; 6 is categorized into the Cs-symmetrically fused pentalene 

containing a 1,2-naphthoquinoidal moiety.44 

 

 

Figure 3. (A) X-ray structures of 6b at the 50% probability level. (B) Average bond lengths (Å) of 6b with 

the representations of each ring. (C) HOMA values of 6b calculated based on the determined bond lengths 

by X-ray analysis. 

 

The quinoidal characteristics of 6 with a weak antiaromaticity reflect in the optoelectronic properties 

(Figure 4). The cyclic voltammogram of 6b displayed two reversible and two irreversible redox waves (E2
ox, 

pa = +0.84 V, E1
ox = +0.19 V, E1

red = ‒1.52 V, and E2
red, pc = ‒2.23 V vs Fc/Fc+, Figure 4A and Table S3). The 

difference between the first oxidation and reduction potentials was used to determine the electrochemical 

HOMO‒LUMO gap. The value was 1.71 eV for 6b, which was the most expanded energy gap compared to 

those of 2‒5 (Figure S9), but remains sufficiently small compared to those of the reported 

diareno[a,e]pentalenes (ca. 2.0 eV).26,30,48–50 It should be noted that diareno[a,f]pentalenes contract the 

HOMO−LUMO energy gap more effectively than diareno[a,e]pentalenes.43 The electronic absorption 

spectrum of 6b in CH2Cl2 gave a low energy absorption at 755 nm ( = 1010 M‒1cm‒1) having a long tail that 

extended up to 1300 nm (Figure 4B). Time-dependent (TD)-DFT calculations at the RB3LYP/6-311+G* 

level attributed the absorption band to the forbidden HOMO‒LUMO transition (Figure S13 and Table S5). 
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Compared to the longest absorption of 2‒5, 6 showed the most blue-shifted (Figure S8), which caused by the 

smallest antiaromatic character among them. 

 

 

Figure 4. (A) Cyclic voltammogram of 6b (V vs Fc/Fc+, in 0.1 M nBu4NClO4/CH2Cl2, scan rate = 100 mVs‒

1, room temperature). (B) UV/vis/NIR absorption spectra of 6b in CH2Cl2. Inset shows a magnified view. 

 

The relatively high HOMO level of 6b (‒4.90 eV estimated from the onset51 of the first oxidation potential 

(+0.102 V vs Fc/Fc+) from the CV measurement) prompted us to investigate the potential as hole transporter. 

The hole mobility (h) in 6b was examined by the space-charge-limited current (SCLC) method with a device 

structure of Glass/indium tin oxide (ITO)/6b (187 nm)/MoO3 (5 nm)/Au (30 nm). The 6b layer was spin-

coated from a THF solution to give amorphous thin films (Figures S14‒S15). The current density (J)‒voltage 

(V) characteristics show clear transition to the SCLC regime (J ∝ V2) at a higher voltage range, from which 

a h value of 4.37 × 10‒4 cm2 V‒1 s‒1 was extracted based on the Mott‒Gurney expression (Figure 5A). The 

single crystal X-ray analysis showed that the main core of 6b formed a herringbone-like packing associated 

with two nonequivalent motifs of intermolecular CH‒ contacts along the b-axis direction. The 

corresponding transfer integrals for holes were estimated to be 21 and 16 meV, respectively (Figure 5B). 

These intermolecular contacts in the single crystal structure demonstrate that appreciable intermolecular 

interactions should be possible to form for 6b in the solid state, despite its bulky mesityl substituents. The 

mobility of 6b is moderate compared to the reported values of diareno[a,e]pentalenes.26 However, 
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considering the high film formability and the moderate hole mobility (~ 10‒4 cm2 V‒1 s‒1), 6b can sufficiently 

show comparable performance to conventional hole transporters for organic light-emitting diodes (OLEDs) 

or organic photovoltaics (OPVs). It is the first study that the carrier mobility of the diareno[a,f]pentalene 

system has been investigated, providing the potential for applications in organic electronic devices. High-

performance materials can be realized with further modifications. 

 

 

Figure 5. (A) Current density–voltage (J–V) plot of a hole-only device with 6b. The red dashed line indicates 

the voltage dependence of current density with a slope of 2. (B) Transfer integrals calculated for CH–π and 

π–π contacts observed in the single-crystal X-ray structure. The main cores and substituents of 6b are shown 

in space-filling and stick models, respectively. Symmetrically nonequivalent molecules are differentiated 

with blue and yellow. 

 

2-3. Conclusion 

The authors synthesized and characterized 6 as a new member of diareno[a,f]pentalene family. 

Unsymmetrically dinaphtho-fused structure of 6 highly localized the -electrons on the pentalene core, which 

leads to a quinoidal closed-shell singlet state with a weakened antiaromatic nature. However, the -electron 

localization endows 6 with sufficient stability under bench-top conditions. The stability of 6 allowed us to 

investigate the solid-state properties. The first charge carrier mobility for diareno[a,f]pentalenes was 

examined, showing a hole mobility of 4.37 × 10‒4 cm2 V‒1 s‒1. Further studies on diarno[a,f]pentalenes, 

including chemical modifications and fabrication transistors and/or solar cells, are ongoing in our laboratories. 
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2-4. Experimental Section 

General Information 

NMR spectra were recorded on JEOL-AL400, JEOL-ECS400 (400 MHz for 1H, and 100 MHz for 13C) and Bruker AVANCE 

III spectrometers (600 MHz for 1H, and 150 MHz for 13C) with TMS as an internal standard. 1H and 13C NMR signals of 

compounds were assigned using HMQC, HSQC, HMBC, COSY, NOESY, and 13C off-resonance techniques. Positive FAB and 

EI mass spectra were recorded on a JEOL JMS-700 and a Shimadzu GCMS-QP2010 Ultra, respectively. The high resolution 

ESI mass spectra were analyzed by using a JEOL JMS-T100LP. IR spectra were recorded as thin films or as solids in KBr 

pellets on a JASCO FT/IR 6200 spectrophotometer. UV-vis-NIR spectra were recorded on a JASCO V-670 spectrophotometer. 

Cyclic voltammetric measurements were performed with an ALS-600C electrochemical analyzer using a glassy carbon 

working electrode, a Pt counter electrode, and an Ag/AgNO3 reference electrode at room temperature in CH2Cl2 containing 0.1 

M nBu4NClO4 as the supporting electrolyte. Data collection for X-ray crystal analysis was performed on Rigaku/XtaLAB 

Synergy-S/Cu (CuK  = 1.54187 Å) diffractometers. All non-hydrogen atoms were refined with anisotropic displacement 

parameters and hydrogen atoms were placed at calculated positions and refined “riding” on their corresponding carbon atoms 

by Olex21 program. 

 
Materials 

All reagents were obtained from commercial suppliers and used as received except for p-chloranil. p-Chloranil was 

recrystallized from hot toluene before use. All reactions were carried out under nitrogen. Syntheses of dianion 6b2– and 

pentalene 6b were performed in a nitrogen-filled glove box. 

 

Computational Method 

All calculations were conducted using the Gaussian 09 program.2 The geometries of neutral and dianionic singlet species of 

6a and 6a2‒ were optimized with the RB3LYP-D3 functional and 6-311G* basis set. The obtained RB3LYP-D3 geometry of 

neutral 6a was employed for the calculations of the other properties. Frequency analysis calculations were performed in order 

to confirm the local minimum structures. NICS(1) values of neutral and dianionic species of 6a and 6a2‒ were calculated at the 

GIAO-RB3LYP/6-311+G* method using these optimized structures. AICD plot of 6a was calculated by using the method 

developed by Herges3 and only π-electrons are considered at the CSGT-RB3LYP/6-311+G*//RB3LYP-D3/6-311G* level. The 

magnetic field is perpendicular to the molecular plane of 6a. Yellow surface is the isosurface of the induced current density 

under the magnetic field. Green allows with red head indicate the induced current density vectors. The clockwise and 

counterclockwise density vectors indicate diamagnetic and paramagnetic ring currents, respectively. Diradical character (y0) 

were obtained from the occupation number of LUNO (y0 = nL) at the LC-UBLYP (μ = 0.33 bohr–1)/6-311G* level. The estimated 

occupation number of LUNO for 6a was zero, thus, the diradical character of 6a is zero at the calculation level. Symmetry-

adapted molecular orbitals of 6a were evaluated at the RB3LYP/6-311+G* level. Electronic excitation properties of 6a were 

evaluated by the TDDFT method RB3LYP and 6-311+G* basis set. 

 

Synthesis and Characterization 

Diethyl 2-{bromo(1,4-dimethylnaphthalen-2-yl)methylene}malonate 74  

 
1H NMR (400 MHz, CDCl3) 8.08‒8.06 (m, 1H), 8.00‒7.98 (m, 1H), 7.57‒7.54 (m, 2H), 7.14 (s, 1H), 4.42 (q, J = 7.0 Hz, 2H), 

3.93 (q, J = 7.0 Hz, 2H), 2.66 (s, 3H), 2.62 (s, 3H), 1.41 (t, J = 7.0 Hz, 3H), 0.860 (t, J = 7.0 Hz, 3H); 13C NMR: (100 MHz, 
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CDCl3) 164.2, 161.5, 139.6, 134.9, 132.8, 132.6, 132.4, 131.5, 129.3, 126.4, 126.1, 125.2, 124.8, 124.6, 62.1, 61.5, 19.3, 15.6, 

14.0, 13.5. 

 

Diethyl 2-{(1,4-dimethylnaphthalen-2-yl)(naphthalen-2-yl)methylene}malonate 8 

 

Under nitrogen, PdCl2(PPh3)2 (0.218 g, 0.311 mmol) was added to a solution of 74 (2.40 g, 5.93 mmol), 2-naphthtaleneboronic 

acid (1.15 g, 6.66 mmol) and tri(2-furyl)phosphine (0.225 g, 0.970 mmol) in DME (13 mL) and aqueous 2 M K2CO3 (10 mL) 

at room temperature. The mixture was heated to 85 °C for 20 h. After cooled to room temperature, aqueous 1 M HCl was added 

to the mixture. The products were extracted with CHCl3 three times. The combined organic layers were washed with water and 

brine, and then were dried over MgSO4. After filtration, the obtained solutions were evaporated in vacuum. The obtained 

residue was purified by a silica-gel column chromatography (hexane / ethyl acetate = 90:10), to give 8 as a colorless solid (2.43 

g, 97%). 

mp 125.2−125.4 ℃; IR (KBr) 3054 (w), 2982 (m), 2904 (w), 1732 (s), 1698 (s), 1602 (m), 1503 (m), 1461 (m), 1388 (m), 1366 

(m), 1300 (s), 1237 (s), 1173 (m), 1132 (w), 1095 (s), 1065 (s), 1052 (s), 1016 (m), 971 (w), 923 (w), 907 (w), 888 (w), 865 

(m), 828 (m), 806 (w) cm‒1; 1H NMR (400 MHz, CDCl3) 8.07‒8.05 (m, 1H), 8.02‒8.00 (m, 1H), 7.80 (d, J = 8.0 Hz, 1H), 7.74 

(d, J = 8.4 Hz, 1H), 7.72 (s, 1H), 7.56‒7.53 (m, 2H), 7.50‒7.43 (m, 2H), 7.34 (dd, J = 8.4, 1.6 Hz, 1H), 7.12 (s, 1H), 4.15 (q, J 

= 7.2 Hz, 2H), 3.95 (q, J = 7.0 Hz, 2H), 2.63 (s, 3H), 2.57 (s, 3H), 1.03 (t, J = 7.2Hz, 3H), 0.81 (t, J = 7.0 Hz, 3H); 13C NMR 

(100 MHz, CDCl3) 166.5, 165.2, 156.0, 137.0, 136.4, 133.5, 132.98, 132.93, 132.6, 132.2, 129.7, 128.7 (two signals are 

overlapped.), 128.2, 128.0, 127.8, 127.2, 127.1, 126.6, 126.1, 126.0, 125.9, 125.2, 124.8, 61.6, 61.2, 19.4, 16.2, 13.9, 13.6; MS 

(EI+, 70eV) m/z 452 (M+, 34), 378 (100), 333 (26), 305 (41), 292 (51); HRMS (EI+, 70 eV) Calculated: (C30H28O4) 452.1988 

(M+), Found: 452.1986. 

 

2-{(1,4-Dimethylnaphthalen-2-yl)(naphthalen-2-yl)methylene}propane-1,3-diol 9 

 

To a solution of 8 (2.70 g, 6.36 mmol) in toluene (30 mL) was added DIBAL (31.7 mL, 1.0 M in hexane, 31.7 mmol) at –78 °C. 

The reaction mixture was allowed to gradually warm up to room temperature and then stirred overnight. The reaction was 

quenched with MeOH/EtOAc and 1 M HCl and the product was extracted with EtOAc. The organic layer was washed with 

water, and dried over MgSO4. After filtration, the obtained solutions were evaporated in vacuum. The obtained residue was 

purified by a silica-gel column chromatography (hexane/ethyl acetate = 20:80), to give 9 as a white solid (1.90 g, 81%). 

mp 55.5−56.3 ℃; IR (KBr) 3332 (bs), 3054 (s), 2938 (s), 2865 (s), 1700 (w), 1627 (w), 1598 (s), 1570 (w), 1503 (s), 1443 (s), 

1408 (s), 1385 (s), 1270 (m), 1234 (m), 1199 (m), 1164 (m), 1126 (w), 1091 (w), 1058 (w), 1001 (s), 923 (w), 899 (m), 859 (s), 

819 (s) cm‒1; 1H NMR (400 MHz, CDCl3) 8.08‒8.06 (m, 1H), 8.01‒7.99 (m, 1H), 7.81‒7.78 (m, 2H), 7.76‒7.73 (m, 2H), 7.58‒

7.53 (m, 2H), 7.47‒7.44 (m, 2H), 7.37 (dd, J = 8.6, 1.8 Hz, 2H), 7.10 (s, 1H), 4.59 (s, 2H), 4.27 (d, J = 2.8 Hz, 2H), 2.62 (s, 

3H), 2.60 (s, 3H), 2.13 (bs, 1H), 1.61 (bs, 1H); 13C NMR (100 MHz, CDCl3) 142.3, 137.7, 137.2, 136.0, 133.15, 133.07, 132.6, 

132.4, 132.2, 129.6, 128.43, 128.38, 128.3, 127.71, 127.69, 127.5, 126.29, 126.26, 126.0, 125.6, 125.1, 124.8, 64.4, 63.1, 19.5, 

16.0; MS (EI+, 70eV) m/z 368 (M+, 46), 351 (100), 289 (38), 165 (40); HRMS: (EI+, 70 eV) Calculated: (C26H24O2) 368.1776 
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(M+), Found: 368.1777. 

 

2-{(1,4-Dimethylnaphthalen-2-yl)(naphthalen-2-yl)methylene}malonaldehyde 10 

 

To a solution of 9 (1.896 g, 5.15 mmol) in CHCl3 (60 mL) was added MnO2 (13.4 g, 86.9 mmol) at room temperature. The 

reaction mixture was stirred at the temperature 48 h. The MnO2 was removed by filtration through a celite pad. The filtrate was 

evaporated and the residue obtained was purified by column chromatography on silica gel (hexane/ethyl acetate 8:2) to give 

10 as a yellow solid (1.73 g, 92%). 

mp 170.0−170.3 ℃; IR (KBr) 3436 (w), 3317 (w), 3053 (m), 2823 (m), 1731 (s), 1598 (m), 1559 (s), 1443 (m), 1298 (s), 1087 

(w), 805 (m) cm‒1; 1H NMR (400 MHz, CDCl3) 9.83 (d, J = 2.0 Hz, 1H), 9.51 (d, J = 2.4 Hz, 1H), 8.13‒8.10 (m, 1H), 8.09‒

8.06 (m, 1H), 7.89‒7.85 (m, 3H), 7.83‒7.82 (m, 2H), 7.66‒7.57 (m, 4H), 7.05 (s, 1H), 2.65 (s, 3H), 2.54 (s, 3H); 13C NMR 

(100 MHz, CDCl3) 190.5, 190.1, 171.2, 135.7, 134.7, 134.5, 133.6, 133.4, 133.1, 132.8, 132.6, 132.5, 129.2, 128.72, 128.71, 

128.6, 128.0, 127.5, 127.34, 127.33, 127.2, 126.9, 125.5, 125.0, 19.5, 16.7; MS (EI+, 70eV) m/z 364 (M+, 26), 349 (100), 335 

(16); HRMS (EI+, 70 eV) Calculated: (C26H20O2) 364.1463 (M+), Found: 364.1459. 

 

2-{(1,4-Dimethylnaphthalen-2-yl)(naphthalen-2-yl)methylene}-1,3-dimesitylpropane-1,3-diol 11 

 

A solution of mesityl magnesium bromide (51.2 mmol) in THF (7 mL) was added to a solution of 10 (1.726 g, 4.74 mmol) in 

THF (10 mL) at 0 °C and the mixture was stirred for 2.5 h at room temperature and quenched with saturated aqueous NH4Cl. 

The product was extracted with ethyl acetate. The organic layer was washed with water and dried over MgSO4. The filtrate 

was evaporated and the residue was purified by column chromatography on silica gel (hexane, then hexane/ethyl acetate 80:20) 

to give two fractions (fractions A and B) of 11 as pale yellow solids (1.48 g (fractions A/B = 67:33), 52%). Each fraction 

consisted of inseparable diastereo mixture and all spectroscopic data for each fraction were recorded using the mixture. Because 

of the diastereo mixture, NMR spectra were not analyzed except for signal picking.   

 

fraction A: Rf = 0.50 (EtOAc/hexane = 1:4) 

mp 118.1−119.0 ℃; IR (KBr) 3391 (w), 3054 (w), 3006 (w), 2946 (m), 2917 (m), 2860 (w), 1610 (w), 1598 (w), 1503 (w), 

1480 (w), 1444 (m), 1383 (w), 1236 (w), 1130 (w), 1041 (m), 1010 (m), 909 (w), 851 (m), 819 (w) cm‒1; 1H NMR (400 MHz, 

CDCl3) 7.83 (d, J = 8.4 Hz), 7.45‒7.67 (m), 7.56 (d, J = 8.8 Hz), 7.41‒7.36 (m), 6.87 (s), 6.65 (s), 6.21 (d, J = 7.2 Hz), 6.14 

(s), 5.93 (s), 4.19 (d, J = 7.2 Hz), 2.49 (s), 2.38 (s), 2.12 (s), 2.10 (s), 2.03 (s), 1.82 (s); 13C NMR (100 MHz, CDCl3) 144.2, 

139.7, 138.5, 138.2, 136.6, 136.4, 136.2, 136.15, 136.10, 135.1, 133.1, 132.7, 132.3, 131.9, 130.7, 130.4, 130.1, 130.0, 129.6, 

129.3, 128.8, 128.5, 128.0, 127.5, 126.8, 125.9, 125.8, 125.4, 125.1, 124.9, 124.2, 124.0, 76.7, 73.5, 22.2, 21.7, 21.3, 21.1, 
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20.6, 20.5, 19.4, 16.9; HRMS (ESI) Calculated: (C44H44O2Na) 627.3234 ([M＋Na]+), Found: 627.3226. 

 

fraction B: Rf = 0.32 (EtOAc/hexane = 1:4); 

mp 109.3−109.9 ℃; IR (KBr) 3359 (w), 3054 (w), 3006 (w), 2918 (m), 2862 (w), 1610 (w), 1573 (w), 1503 (w), 1480 (w), 

1446 (m), 1383 (m), 1270 (w), 1237 (w), 1130 (w), 1040 (m), 1012 (m), 965 (w), 910 (w), 876 (w), 851 (m), 813 (w) cm‒1; 1H 

NMR (400 MHz, CDCl3) 8.01 (d, J = 8.4 Hz), 7.82 (d, J = 8.0 Hz), 7.72 (d, J = 8.4 Hz), 7.57 (t, J = 9.0 Hz), 7.50 (t, J = 6.8 

Hz), 7.42 (t, J = 7.6 Hz), 7.34‒7.28 (m), 6.98 (d, J = 8.8 Hz), 6.86 (s), 6.65 (s), 6.46 (s), 6.39 (s), 6.29 (s), 6.15 (d, J = 6.4 Hz), 

6.00 (s), 3.82 (s), 3.40 (s), 3.28 (s), 3.00 (s), 2.48 (s), 2.44 (s), 2.38 (s), 2.20 (s), 2.12 (s), 2.11 (s), 2.09 (s), 2.07 (s), 2.02 (s), 

1.98 (s), 1.92 (s), 1.81 (s), 1.75 (s); 13C NMR (100 MHz, CDCl3) 139.4, 139.1, 139.0, 138.5, 137.0, 136.5, 136.3, 136.1, 136.0, 

135.8, 135.2, 132.5, 132.2, 131.6, 131.2, 130.8, 130.3, 129.6, 129.3, 129.0, 128.2, 127.7, 127.4, 126.9, 126.7, 126.4, 126.1, 

125.9, 125.4, 125.1, 124.7, 124.6, 124.5, 123.9, 123.7, 73.9, 72.9, 21.9, 21.4, 21.0, 20.8, 20.4, 20.1, 20.0, 19.1, 18.7, 16.6, 16.5; 

HRMS (ESI) Calculated: (C44H44O2Na) 627.3234 ([M＋Na]+), Found: 627.3224. 

 

5,6-Dimesityl-7,12-dimethyl-5,6-dihydropentaleno[2,1-a:5,6-b']dinaphthalene 12 

 

To a solution of 11 (0.198 g, 0.328 mmol) in chlorobenzene (6 mL) was added polyphosphoric acid (two medicine spoons, ~6 

g) at room temperature and the mixture was heated at 130 °C for 24 h. After cooling to room temperature, the organic layer 

was decanted and evaporated. The residue obtained was purified by column chromatography on silica gel (hexane, then 

hexane/ethyl acetate 94:6), and then further purification was performed by recycle GPC, to give 12 of a single diastereoisomer 

as a pink solid (0.140 g, 75%). Single crystals suitable for X-ray crystallographic analysis were obtained from a solution of 

acetone.  

mp 245.0−245.6 ℃; IR (KBr) 3071 (w), 3004 (m), 2950 (m), 2916 (m), 2869 (m), 1610 (m), 1584 (w), 1540 (w), 1511 (m), 

1478 (s), 1460 (s), 1478 (s), 1459 (s), 1375 (m), 1358 (m), 1221 (w), 1120 (w), 1024 (m), 1000 (w), 849 (s), 820 (s), 810 (s) 

cm‒1; 1H NMR (400 MHz, CDCl3) 8.46 (d, J = 8.8 Hz, 1H), 8.25 (d, J = 8.8 Hz, 1H), 7.98 (d, J = 8.4 Hz, 1H), 7.93 (d, J = 8.4 

Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.56 (t, J = 7.4 Hz, 1H), 7.48 (t, J = 7.6 Hz, 1H), 7.42 (d, J = 8.4 Hz, 1H), 7.32 (t, J = 7.6 

Hz, 1H), 7.21 (t, J = 7.6 Hz, 1H), 6.91 (s, 1H), 6.84 (s, 1H), 6.63 (s, 2H), 5.04 (s, 1H), 5.02 (s, 1H), 3.37 (s, 3H), 2.28 (s, 3H), 

2.26 (s, 6H), 1.75 (s, 3H), 1.71 (s, 3H), 1.41 (s, 3H), 1.38 (s, 3H); 13C NMR (100 MHz, CDCl3) 163.5, 163.4, 147.3, 146.8, 

146.7, 138.7, 138.0, 137.9, 137.8, 137.7, 137.6, 137.0, 136.3, 136.0, 133.4, 133.1, 131.5, 130.8, 130.4, 130.34, 130.28, 129.31, 

129.26, 128.7, 127.6, 127.4, 126.3, 125.1, 124.8, 124.7, 124.2, 124.1, 123.3, 121.8, 48.2, 47.1, 21.02, 21.97, 20.7, 19.2, 19 .1, 

18.7, 18.0, 14.3; MS (EI+, 70eV) m/z 568 (M+, 84), 553 (100), 284 (10); HRMS (EI+, 70 eV) Calculated: (C44H40) 568.3130 

(M+), Found: 532.3131. 

 

5,6-Dimesityl-7,12-dimethylpentaleno[2,1-a:5,6-b']dinaphthalene 6b2‒ 
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In a nitrogen-filled glove box, to a solution of 12 (0.0138 g, 0.0243 mmol) in THF (0.1 ml) was added nBuLi (0.035 mL, 0.056 

mmol, 1.6 M in hexane) at –35 ℃. The reaction mixture was further stirred for 24 h at room temperature, to afford as a deep-

brown solution of 6b2‒. The dianion 6b2‒ was subsequently oxidized without isolation. According to the NMR monitoring, the 

dianion was generated quantitatively. 

1H NMR (600 MHz, THF-d8) 8.63 (d, J = 8.4 Hz, 1H, 10-H), 7.95 (d, J = 7.8 Hz, 1H, 4-H), 7.73 (d, J = 7.8 Hz, 1H, 16-H), 

7.64 (d, J = 8.4 Hz, 1H, 1-H), 7.47 (d, J = 7.8 Hz, 1H, 13-H), 6.88 (t, J = 7.5 Hz, 1H, 2-H), 6.77 (d, J = 8.4 Hz, 1H, 11-H), 6.72 

(t, J = 6.9 Hz, 1H, 14-H), 6.67 (t, J = 7.2 Hz, 1H, 3-H), 6.58 (t, J = 7.8 Hz, 1H, 15-H), 6.49 (s, 2H, 35-H), 6.41 (d, 2H, 29-H), 

3.64 (s, 3H, 25-H), 2.33 (s, 3H, 26-H), 2.24 (s, 3H, 38-H), 2.19 (s, 3H, 32-H), 1.86 (s, 6H, 31-H), 1.85 (s, 6H, 37-H); 13C NMR 

(150 Hz, THF-d8) 144.0 (s, C-20), 143.2 (s, C-27), 142.0 (s, C-33), 138.7 (s, C-28), 138.3 (s, C-34), 137.2 (s, C-22), 131.8 (s, 

C-36), 130.5 (s, C-30), 129.6 (s, C-12), 129.0 (s, C-17), 128.3 (s, C-7), 127.8 (s, C-18), 127.22 (d, C-35), 127.17 (s, C-24), 

126.6 (d, C-13), 126.4 (d, C-29), 123.8 (d, C-16), 122.8 (d, C-4), 122.1 (s, C-5), 120.8 (d, C-10), 120.5 (d, C-1), 119.5 (d, C-

15), 118.2 (d, C-2), 117.9 (d, C-14), 117.2 (s, C-9), 113.4 (s, C-6), 112.4 (d, C-3), 107.6 (d, C-11), 106.4 (s, C-23), 105.4 (s, C-

8), 95.9 (s, C-19), 89.0 (s, C-21), 22.7 (q, C-27), 22.2 (q, C-33), 21.3 (two signals are overlapped, d, C-29, C-35); 7Li{1H} 

NMR (155 MHz, THF-d8) (LiCl in THF-d8 as external standard) –0.94. 

 

5,6-Dimesityl-7,12-dimethylpentaleno[2,1-a:5,6-b']dinaphthalene 6b 

 

In a nitrogen-filled glove box, a solution of p-chloranil (0.03 mmol) in toluene (1 mL) was added to a solution of fresh 6b2‒ in 

THF-d8. The reaction mixture was stirred for 1 h at room temperature and the solvent was removed in vacuum. The residue 

obtained was purified by column chromatography on silica gel (hexane/toluene = 1:1) to give 6b as a reddish-purple solid 

(0.0098 g, 47%). 

mp 271.3−272.0 ℃; IR (KBr) 3054 (w), 2916 (s), 2851 (m), 1735 (w), 1695 (w), 1611 (m), 1589 (w), 1568 (m), 1519 (w), 

1468 (s), 1454 (s), 1376 (m), 1284 (w), 1258 (m), 1209 (w), 1189 (w), 1149 (w), 1097 (w), 1075 (w), 1027 (m), 890 (w), 848 

(w), 804 (m) cm‒1; 1H NMR: (600 MHz, THF-d8) 7.53 (d, J = 7.8 Hz, 1H, 4-H), 7.40 (d, J = 8.4 Hz, 1H, 1-H), 7.14 (t, J = 7.2 

Hz, 1H, 3-H), 7.03 (t, J = 7.2 Hz, 1H, 2-H), 6.91 (d, J = 7.2 Hz, 1H, 13-H), 6.85 (t, J = 6.6 Hz, 1H, 14-H), 6.82 (d, J = 10.2 Hz, 

1H, 10-H), 6.59 (t, J = 7.8 Hz, 1H, 15-H), 6.55 (d, J = 7.8 Hz, 1H, 16-H), 6.51 (two signals are overlapped, s, 4H, 35-H, 29-

H), 6.36 (d, J = 9.6 Hz, 1H, 11-H), 2.43 (s, 3H, 25-H), 2.141 (s, 3H, 38-H), 2.136 (s, 3H, 32-H), 2.12 (s, 6H, 31-H), 2.10 (s, 

6H, 37-H), 1.69 (s, 3H, 26-H); 13C NMR (150 Hz, THF-d8) 156.4 (s), 155.0 (s), 146.1 (s, C-18), 145.6 (s, C-22), 137.32 (s, C-

5), 137.26 (s, C-30), 136.6 (s, C-34), 136.5 (s, C-36), 135.8 (s, C-9), 135.73 (s, C-24), 135.68 (s, C-8), 135.4 (s), 135.0 (s, C-

28), 134.8 (s, C-12), 133.7 (s, C-17), 133.3 (s, C-33), 131.9 (d, C-11), 129.31 (d, C-13), 129.26 (s), 128.6 (s, C-15), 128.2 (d, 

C-3), 128.1 (d, C-14), 128.04 (d, C-35), 128.98 (d, C-29), 126.4 (d, C-2), 126.2 (d, C-1), 125.51 (s, C-6), 125.47 (d, C-4), 125.1 
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(d, C-16), 124.9 (d, C-10), 20.93 (q, C-38), 20.86 (q, C-32), 20.5 (q, C-31), 20.4 (s, C-37), 18.0 (q, C-25), 11.8 (q, C-26); MS 

(EI+, 70 eV) m/z 566 (M+, 100), 283 (12); HRMS (EI+, 70 eV) Calculated: (C44H38) 566.2974 (M+), Found: 566.2972. 

 

Supporting Information 

5,6-Dimesityl-7,12-dimethyl-5,6-dihydropentaleno[2,1-a:5,6-b']dinaphthalene 12  

(CCDC 2109582) 

  

Figure S1. ORTEP drawings of 12 at the 50% probability level.  

Empirical Formula 
Formula Weight 
Crystal Color, Habit 
 
Crystal Dimensions 
Crystal System 
Lattice Type 
Lattice Parameters 
 
 
 
 
 
 
 

C44H40 
568.76 
translucent light colorless, block 
0.13 × 0.108 × 0.047 mm 
triclinic 
Primitive 
a = 10.5459(2) Å 
b = 11.5523(2) Å 
c = 14.0742(3) Å 
 = 100.238(2) ° 
 = 106.732(2) ° 
 = 97.478(2) °  
V = 1585.72(6) Å3 
 

 Space Group 
Z value  
Dcalc 
F000 
(CuK) 
Temperature 
Data/restraints/parameters 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (all data) 
Goodness of Fit Indicator 
 

P-1 (#2) 
2 
1.191 g/cm3 
608.0 
0.502 mm-1 

123 K 
6283/0/405 
0.0535 
0.1543 
1.054 
 

 

5,6-Dimesityl-7,12-dimethylpentaleno[2,1-a:5,6-b']dinaphthalene 6b (CCDC 2109581) 
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Figure S2. ORTEP drawings of 6b at the 50% probability level. 

 

Empirical Formula 
Formula Weight 
Crystal Color, Habit 
 
Crystal Dimensions 
Crystal System 
Lattice Type 
Lattice Parameters 
 
 
 

C44H38 
566.74 
metallic dark red  
block 
0.174 × 0.1 × 0.059 
monoclinic 
Base-centered 
a = 49.5991(5) Å 
b = 8.20560(10) Å 
c = 31.1894(3) Å 
 = 97.9220(10) ° 
V = 12572.6(2) Å3 

 Space Group 
Z value  
Dcalc 
F000 
(CuK) 
Temperature 
Data/restraints/parameters 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (all data) 
Goodness of Fit Indicator 
 

C2/c (#15) 
16 
1.198 g/cm3 
4832.0 
0.507 mm-1 

123 K 
12594/9/894 
0.0571 
0.1799 
1.028 
 

 

 

Figure S3. Summary for the observed bond lengths (Å) of the main core of 6b. 
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Figure S4. Summary for the HOMA values of the main core of 6b. 

 

 

Figure S5. Partial 1H NMR spectra (THF-d8) of 6b2‒ (rt, 600 MHz) and 6b (rt, 600 MHz).  

 

Table S1. 1H NMR chemical shifts of the main core of 6b and 6b2–. 

 

 

6b 

(1H)/ppm 

6b2– 

(1H)/ppm 

(1H)  

/ ppm a) 

H1 6.82 8.63 ‒1.81 

H2 7.53 7.95 ‒0.42 

H3 7.14 6.67 0.47 

H4 7.03 6.88 0.15 

H5 7.40 7.64 ‒0.24 
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H6 6.55 7.73 ‒1.18 

H7 6.59 6.58 0.01 

H8 6.85 6.72 0.13 

H9 6.91 7.47 ‒0.56 

H10 6.36 6.77 ‒0.41 

a)(1H) = (1H)(6b) – (1H)(6b2–), n.d. = not determined. 

 

Table S2. 13C NMR chemical shifts of the main core of 6b and 6b2–. 

 

   
   

6b 

(13C)/pp

m 

6b2– 

(13C) 

/ppm 

(13C)  

/ ppm a 

6b 

(13C) 

/ppm 

6b2– 

(13C) 

/ppm 

(13C)  
/ ppm a 

C1 126.2 120.5 5.70 C13 129.31 126.6 2.71 

C2 126.4 118.2 8.20 C14 128.1 117.9 10.2 

C3 128.2 112.4 15.8 C15 128.6 119.5 9.10 

C4 125.47 122.8 2.67 C16 125.1 123.8 1.30 

C5 137.32 122.1 15.2 C17 133.7 129.0 4.70 

C6 125.51 113.4 12.1 C18 146.1 127.8 18.3 

C7 n.d. 128.3 ‒ C19 n.d. 95.9 ‒ 

C8 135.68 105.4 30.3 C20 n.d. 144.0 ‒ 

C9 135.8 117.2 18.6 C21 n.d. 89.0 ‒ 

C10 124.9 120.8 4.10 C22 145.6 137.2 8.40 

C11 131.9 107.6 24.3 C23 n.d. 106.4 ‒ 

C12 134.8 129.6 5.20 C24 135.73 127.17 8.56 

a)(13C) = (13C)(6b) – (13C)(6b2–), n.d. = not determined. 

 

 

Figure S6. Electronic absorption spectra of 6b in CH2Cl2.  
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Figure S7. Periodical measurements of electronic absorption of 6b in CH2Cl2 at lowest-energy region upon 

exposure to air under room light at room temperature. 

 

 

Figure S8. UV/vis/NIR absorption spectra of 2b (black), 3b (green), 4b (blue), 5b (red), and 6b (purple) in 

CH2Cl2. The inset shows a magnified view. The background signals at 1700 nm arose from an overtone of 

the C−H vibrations of the solvent. 

 

Table S3. Summary of the Optoelectronic Properties of 2b, 3b, 4b, 5b, and 6b 

 opticala  electrochemicalb 

comp. λmax / nm 

(ε / M−1 cm−1) 

ΔEgap 

 / eV 

 E2
ox, pa 

 / V 

E1
ox 

 / V 

E1
red 

 / V 

E2
red, pc 

 / V 

Δredox E1 

 / eV 
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2b 965 (306) 1.28  +0.77 0.0 ‒1.34 ‒2.28 1.34 

3b 925 (120) 1.53  +0.87 +0.13 ‒1.28 ‒2.18 1.41 

4b 808 (105) 1.34  +0.86 +0.23 ‒1.45 ‒2.26 1.68 

5b 983 (135) 1.26  +0.67 ‒0.018 ‒1.45 ‒2.23 1.43 

6b 755 (1010) 1.64  +0.84 +0.19 ‒1.52 ‒2.22 1.71 

a) The optical gap ΔEgap is estimated from ΔEgap = 1240/λmax. b) All potentials given versus the Fc/Fc+ couple 

used as internal standard. Δredox E1 = E1
ox− E1

red. 

 

 

Figure S9. Cyclic voltammograms of 2b (black), 3b (green), 4b (blue), 5b (red), and 6b (purple) (V vs Fc/Fc+, 

in 0.1 M nBu4NClO4/CH2Cl2, scan rate = 100 mV/s, room temperature). 

 

Table S4. Summary of the calculated orbital energies of HOMO–1, HOMO, LUMO, LUMO+1 for 2a,5 3a,5 

4a,5 5a,4 and 6a calculated at the RB3LYP/6-311+G* level 

comp. HOMO–1 /eV HOMO / eV LUMO / eV LUMO+1 / eV ΔEHOMO‒LUMO  eV 

2a ‒6.29 ‒5.01 ‒3.31 ‒0.60 1.70 

3a ‒5.86 ‒5.02 ‒3.28 ‒1.20 1.74 
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4a ‒6.05 ‒5.14 ‒3.15 ‒1.14 1.99 

5a ‒6.08 ‒4.98 ‒3.25 ‒1.37 1.73 

6a ‒5.87 ‒5.12 ‒3.10 ‒1.44 2.02 

 

 

Figure S10. Summary for NICS(1) values for 6a and 6a2‒ calculated at the GIAO-RB3LYP/6-

311+G*//RB3LYP-D3/6-311G* level. 

 

 

Figure S11. Summary for NICS(1) values for 2a,5 3a,5 4a,5 5a,4 and 6a calculated at the GIAO-

(R/U)B3LYP/6-311+G*//RB3LYP-D3/6-311G* level. 

 

 

Figure S12. Summary for AICD plots (isovalue surface: 0.035) of 6a calculated at the CSGT-RB3LYP/6-

311+G*//RB3LYP-D3/6-311G* level. 
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Figure S13. Calculated orbital energy diagram of HOMO–1, HOMO, LUMO, LUMO+1 for 6a at the 

RB3LYP/6-311+G* level. Green and red meshes represent the isosurfaces with contour values of +0.02/–

0.02 a.u., respectively. 

Table S5. Excitation energies of 6a calculated at the TD-RB3LYP/6-311+G*//RB3LYP-D3/6-311G* level. 

a)   

Excited state 

number 

Excitation energy / eV 

(wavelength / nm) 

Excitation amplitudes 

 

Oscillator strength 

1 1.35 (921) 0.702 (HOMO – LUMO) 0.0093 

2 2.42 (513) 0.647 

0.254 

(HOMO-1 – LUMO) 

(HOMO – LUMO+1) 

0.2643 

3 2.98 (416) 0.116 

0.676 

0.106 

(HOMO-3 – LUMO) 

(HOMO-2 – LUMO) 

(HOMO – LUMO+2) 

0.0015 

4 3.29 (377) 0.586 

‒0.223 

0.299 

(HOMO-3 – LUMO) 

(HOMO – LUMO+1) 

(HOMO – LUMO+2) 

0.0420 

5 3.41 (364) 0.146 

0.247 

‒0.222 

0.582 

0.131 

(HOMO-4 – LUMO) 

(HOMO-3 – LUMO) 

(HOMO-1 – LUMO) 

(HOMO – LUMO+1) 

(HOMO – LUMO+3) 

0.9233 
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Evaluation of hole mobility 

Glass/ITO substrates were cleaned by rubbing with acetone-soaked wipes, sonicating sequentially in acetone and isopropanol 

for 10 min each, and exposing to boiling isopropanol for 5min. The washed substrates were further treated with a UV–O3 

cleaner (Filgen, UV253V8) for 20 min. The substrates were transferred to a N2-filled glove box, and compound 6a was 

deposited by spin-coating of a THF solution (20 mg mL–1) at 800 rpm for 30 s followed by thermal annealing at 100 °C for 5 

min. The resulting film was 187 nm in thickness as determined using a stylus profilometer (Bruker, DektakXT). Finally, MoO3 

(5 nm) and Au (30 nm) were deposited at high vacuum (~10–5 Pa) through a shadow mask that defined an active area of 4.0 

mm2. Current–voltage characteristics of thus-prepared hole-only devices were measured using a semiconductor parameter 

analyzer (Agilent, 4155C) in a N2-filled glove box. 

The current density–voltage (J–V) logarithmic plots showed a slope of 2 (i.e., J ∝ V2) at a higher voltage range, implying that 

the SCLC hole mobility (μh) can be calculated based on the Mott–Gurney equation6 

𝐽 =
9

8
𝜀0𝜀𝜇

𝑉2

𝑑3
  

where ε0, ε, and d represent the vacuum permittivity, dielectric constant (assumed to be 4.0), and organic film thickness, 

respectively. V is the effective voltage calculated by subtracting the built-in voltage (Vbi) and voltage drop (Vr) due to electrode 

resistance from the applied voltage (Vapp). The μh value was extracted to be (4.33 ± 0.02) × 10–4 cm2 V–1 s–1 on average (6 

devices) with the highest value of 4.37 × 10–4 cm2 V–1 s–1. 

 

Figure S14. Photographic image of a hole-only device. 

 

Computation of transfer integrals 

Transfer integrals were calculated for single-crystal X-ray structure by the fragment orbital method with the B3LYP/DZP level 

of theory using the Amsterdam Density Functional (ADF) program suite.7,8 

 

Film XRD analysis 

Out-of-plane X-ray diffraction profiles were recorded on a Rigaku SmartLab diffractometer equipped with a rotating anode 

(Cu-Kα, λ = 1.5418 Å) operated at 9kW and a Rugaku D/teX Ultra silicon stlip detector. Measurements were performed in the 

θ–2θ mode. 

   

Figure S15. X-ray diffraction (XRD) patterns of (left) Glass/ITO and (right) Glass/ITO/6b substrates. 

Au 6b
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Chapter 3 

 

Appearance of Open-shell and Antiaromatic Character Induced by High 

Symmetric Geometry of Planar Heptalene Structure: Synthesis and 

Characterization of a Non-alternant Isomer of Bisanthene 

 

3-1. Introduction 

Non-alternant polycyclic hydrocarbons1 have experienced a remarkable renaissance thanks to their unique 

electronic configurations and molecular orbital characteristics, which are never shared by alternant systems.2 

The -extended non-alternant polycyclic hydrocarbons, azulene3-, pentalene4- and indacene5-based 

molecules, have recently fueled rich insights into the electronic properties of (anti)aromaticity6 and/or open-

shell character.7 The topology of -electron network is a primary concern that determines the ground state 

electronic structures of polycyclic hydrocarbons.8–15 The transformation of naphthalene into azulene is a 

thought-provoking example for the topological difference in the -conjugation with the same number of -

electrons (Figure 1A). The replacement of hexagons of naphthalene with a heptagon and a pentagon 

associates the structural change with the reduction of molecular symmetry from a D2h to a C2v symmetry, 

which leads to the unsymmetrically distributed frontier orbitals and unusual physical or chemical properties 

of azulene. Many related studies have illustrated that incorporating a non-alternant scaffold into an alternant 

system is a powerful strategy to impact the electronic properties of polycyclic hydrocarbons,16,17 however, 

lowering the molecular symmetry upon the transformation of an alternant to a non-alternant system has been 

little considered despite the factor that triggers large electronic perturbations.  

Our particular interest here is to investigate the crossover of ground state from the aromatic closed-shell 

state to the antiaromatic open-shell state in an isomeric pair of alternant and non-alternant hydrocarbons with 

the same molecular symmetry. The authors selected a 12-heptalene scaffold as an antiaromatic moiety. The 

pristine heptalene is a twisted molecule with non-aromatic character, however, the ring fusions into the 

heptalene core possibly fix the geometry into a plane. The planar heptalene skeleton, which corresponds to a 

transition structure of the ring inversion and/or the -bond shift (Figure 1B), provides an access to its 12 

antiaromatic character.18 As a model molecule, difluoreno[1,9,8-alkj:1',9',8'-gfed]heptalene 1, which is a non-

alternant isomer of bisnathene 2 and incorporates a planarized heptalene skeleton, was designed (Figure 1C). 

Bisanthene19,20 is a benzenoid polycyclic aromatic hydrocarbon (PAH) and a smallest member of the peri-

acene series.21 While bisanthene possesses singlet closed-shell ground state with local aromatic character, 

the larger homologues, teranthene22 and peri-tetracene,23,24 have been revealed to be singlet open-shell 

compounds. For peri-tetracene, its non-alternant isomer with two azulene cores was successfully synthesized 

on Au(111) surface, demonstrating the appearance of open-shell character and the reduction of the HOMO–

LUMO energy gap.25 
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Figure 1. Molecular structures of (A) azulene and naphthalene, (B) dynamic processes of heptalene and (C) 

difluoreno[1,9,8-alkj:1',9',8'-gfed]heptalene 1 and bisanthene 2. Mes = 2,4,6-trimethylphenyl.  

 

The target molecule 1 serves as an acceptable non-alternant isomer of 2. The D2h-symmetric scaffold of 1 

enables to rule out the reduction of the molecular symmetry in the non-alternant system and to directly assess 

the effect of the incorporated odd-membered rings. The existence of two o-quinoidal subunits in 1 allows to 

convert the aromatic/closed-shell character of 2 into the antiaromatic/open-shell character (1a-A in Figure 

2). The central heptalene unit of 1 should induce paratropic character as a 12-electron system (1a-B). In 

contrast to the reported heptalene derivatives,26 the planar geometry given by the highly fused structure and 

the formal delocalization of o-quinoidal substructures would enhance the local antiaromatic character. 

Furthermore, the recovery of benzenoid character of the o-quinoidal hexagons would attain to the singlet 

open-shell state of 1, pushing out the two unpaired electrons on the head carbon of the heptagons (1a-C). 

 

 

Figure 2. Resonance structures of 1a. The hexagonal rings in gray denote benzenoid rings, and the the 4n-

conjugated circuit that contributed significantly to a canonical structure is highlighted in bold lines. 
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3-2. Results and Discussion 

The synthetic route for the derivatives 1 is shown in Scheme 1. For the construction of fully conjugated 

system, the less aromatic character of 1 should impede the progress of the conventional reaction,27 such as 

dehydrogenation or dehydration. Thus, the authors designed the route via an aromatic dication species 12+ as 

a key precursor. According to Haper’s procedure,28 the oxidation of fluoranthene afforded the florenone 

derivative 3.  

 

 

Scheme 1. Synthesis of 1 

 

After esterification of the carboxylic group of 3 yielded 4,29 the dichlorination of the carbonyl group of 4 

and subsequent treatment with cupper powder gave the 9,9'-bifluorenylidene derivative 5.30 The cyclization 

was performed by the treatment of 5 with heated trifluoromethanesulfonic acid, to quantitatively yield dione 

6 with two heptagons. Nucleophilic attack on the dione 6 with arylmagnesium bromides or 

(triisopropylsilyl)ethynyl lithiate afforded diols 7. Except for 7e with electron-donating groups, all diols 7 

were isolated (Figure S1). The reductive dearomatization of 7 with SnCl2 failed to afford complicated 

mixtures, presumably due to the lack of two benzene rings in 1 from 7. Alternatively, the treatment of diols 

7 with tetrafluoroboric acid diethyl ether complex in CH2Cl2 immediately gave dication salts 1·2BF4 as green 

to purple solids, which are the two-electron oxidized species of the target molecules 1. All dications 1·2BF4 

were confirmed by the spectroscopic measurements and the molecular geometry of the 4-tert-butyl-m-xylyl 

derivative 1c·2BF4 was determined by the X-ray crystallographic analysis (Figure S2). Two-electron 

reduction of 12+ with decamethylferrocene furnished the mesityl derivative 1b and the 4-tert-butyl-m-xylyl 
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derivative 1c as greenish black solids. The reductions of the other dications 1d–g2+ were also tried, but the 

approaches gave unidentified mixtures presumably due to the inadequately kinetic protections of the reactive 

site under the reaction conditions. A CH2Cl2 solution of 1b showed gradual decomposition with a half-life of 

3 days upon exposure to air under room light at room temperature (Figure S13).  

Careful recrystallization from a chloroform/chlorobenzene solution in a degassed sealed tube gave a single 

crystal of 1b suitable for X-ray crystallographic analysis (Figure 3). X-ray crystallographic analysis of 1b 

illustrated the main core of 1b assumed a planar structure and the two mesityl groups formed a large dihedral 

angle (ca. 85°) with the main core (Figure S3). The main core of 1b assumes an approximate D2h symmetry; 

the observed bond lengths of the main core of 1b is good agreement with those of theoretically optimized 

D2h model rather than C2h model of 1a (Figure S14). When comparing the bond length alternation (BLA) of 

the heptagons in 1b with that of 1c2+, the antiaromatic nature of 1b was quite obvious. The dication 1c2+ 

bearing a 10-aromatic unit exhibited the less BLA on the heptagons (1.423(3)–1.454(3) Å; Figure S4). On 

the other hand, the degree of the BLA of the heptagons in 1b was increased (1.428(2)–1.470(2) Å). Although 

the reported heptalene derivatives exhibited twisted geometries to avoid the instability of the 4n-electron 

delocalization,31 the highly planar and symmetric structure of 1b, which are realized by the surrounding ring-

fusions, would enhance the contribution of the 4n-system. The NICS(1) values for the heptagons estimated 

at the GIAO-(U)B3LYP/6-311+G* level also support the idea, which indicates the large positive value of 

+11.2 for 1a and the negative value of –6.70 for 1a2+ (Figure S16). The paratropic character on the heptagons 

for 1a would magnetically suppress the aromatic character of the surrounding hexagon (denoted by A in 

Figure 3; NICS(1); –0.84), which was also estimated in the -extended pentalenes.32 

 

 

Figure 3. (A) Ortep drawing of 1b with at the 50% probability level, and (B) bond lengths (mean values) in 

the main core rings of 1b. 

 

The observed high symmetric structure of 1b deeply reflected the contribution of the singlet open-shell 

character to the ground state electronic configuration. The biradical resonance contribution was be found in 

a contraction of the a bonds due to their double-bond character. The length of the a bond in 1b is 1.373(2) Å, 
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which is considerably shorter than length of a typical C(sp2)–C(sp2) single bond (1.467 Å). Additionally, the 

peripheral four hexagons sustain the high degree of benzenoid character; the harmonic oscillator model of 

aromaticity (HOMA) analysis33 indicated a larger value for the hexagons (ring A; +0.80). Furthermore, these 

geometric features are line with the degree of the diradical character (y) estimated at the CASSCF(2,2)/6-

31G* level, which indicates a large LUMO occupation number of 0.72 for 1a in contrast to only 0.065 for 

2a. The spin densities are mainly distributed the head carbons on the heptagons (Figure S15). 

The determined physical properties of 1b supported the open-shell character. Superconducting quantum 

interference device (SQUID) measurement was conducted for the microcrystalline sample of 1b. The 

measurement showed an increasing susceptibility above 150 K (Figure S6). From Bleaney−Bower’s fitting 

of the observed increase, the value of the singlet−triplet energy gap (∆ES–T) was determined to be –1080 K 

(–2.15 kcal/mol), which is reasonable to the theoretical estimation of –1370 K (–2.72 kcal/mol) calculated 

using a UB3LYP-D3/6-311G* method for 1a. The experimentally determined ∆ES–T of 1b is smaller than 

those of teranthene (–3.82 kcal/mol)22 and peri-tetracene (–2.5 kcal/mol)24 derivatives, even though 1b is the 

smallest -conjugated system among them. This unusual trend of 1 might come from the destabilization of 

the singlet ground state induced by 4n-delocalization. The small ∆ES–T indicates that 1b is easily activated 

to a triplet state even at low temperature. Actually, no 1H NMR signal of the main core of 1b in THF-d8 was 

observed even at –100 °C (Figure S9).34,35 ESR measurements of 1b clearly displayed signals typical of 

triplet species. A glassy toluene sample of 1b gave a splitting pattern of Ms = ±1 signal and a forbidden Ms 

= ±2 half-field signal at 170–115 K (Figure S7). The signal intensity decreased upon cooling, which 

occurrence of a singlet ground state in 1b.  

 

 

Figure 4. Cyclic voltammograms of 1b (red) and 2b (black) (V vs Fc/Fc+, in 0.1 M nBu4NClO4/CH2Cl2, scan 

rate = 100 mV/s, room temperature). 
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Figure 5. UV/vis/NIR absorption spectra of 1b (red) and 2b (black) in CH2Cl2. The inset shows a magnified 

view. 

 

The open-shell and antiraomtic nature of 1 are featured by the small HOMO−LUMO energy gap. The 

cyclic voltammogram of 1b showed three reversible and an irreversible redox waves (E2
ox = +0.30 V, E1

ox = 

–0.34 V, E1
red = –1.56 V, and E2

red, pc = –2.01 V vs Fc/Fc+, Figure 4). The electrochemical HOMO−LUMO 

gap of 1.22 eV, which was estimated from the difference between the first oxidation and reduction potentials, 

was 0.46 eV smaller than that of 2b.36 The electronic absorption spectrum of 1b in CH2Cl2 gave a lowest-

energy band (max) at 934 nm ( = 4579 M–1cm–1), which was significantly red-shifted compared with those 

of 2b (max = 686 nm, = 67300 M–1cm–1; Figure 5). Notably, the absorption intensity (i.e. molar absorption 

coefficient) of the lowest-energy band of 1b is less than one-tenth of that of 2b. The DFT calculation of 1a 

at the UB3LYP/6-311+G* level indicated that the embedment of the odd-membered rings gave rise to the 

reconfiguration of the frontier orbitals of 2b, leading to the pseudo degeneration between the LUMO and 

LUMO+1 level (Figure S17). The time-dependent (TD)-DFT calculations on 1a suggest that the band at 934 

nm of 1b is ascribed to the partially allowed HOMO→LUMO+1 transition ( = 935 nm, f = 0.021, see Figure 

S17 and Table S3). These orbitals associated with the transition show the disjoint feature37 with / spins 

localized at the two head carbons on the heptagons, thus, the observed weak and lowest-energy absorption 

of 1b would derive from the open-shell character of 1. 

 

3-3. Conclusion 

The autrhors achieved a synthesis and characterization of 1, the non-alternant isomer of bisanthene 2. The 

obtained 1 displayed antiaromatic character from the central heptalene core and possessed singlet biradical 

features, which have not been observed in bisanthene 2. The highly planar and symmetric geometry of 1 

realizes unusual electronic properties in an unexpectedly small -conjugated system. The present study sheds 
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light on the importance of the topologically design for non-alternant polycyclic hydrocarbons. Further studies 

on the related systems, as well as the development of the facile synthetic method, are ongoing in our group. 

 

3-4. Experimental Section 

General 

NMR spectra were recorded on JEOL-AL400, JEOL-ECS400 (400 MHz for 1H, and 100 MHz for 13C) and Bruker AVANCE 

III spectrometers (600 MHz for 1H, and 150 MHz for 13C) with TMS as an internal standard. 1H and 13C NMR signals of 

compounds were assigned using HMQC, HMQC, HMBC, COSY, NOESY, and 13C off-resonance techniques. ESR spectra 

were recorded on a Bruker EMXmicro spectrometer. The temperature-dependent magnetic susceptibility was measured for 

randomly oriented polycrystalline samples of 3c on a Quantum Design SQUID magnetometer MPMS-XL in the temperature 

range of 2−300 K. Positive FAB and EI mass spectra were recorded on a JEOL JMS-700 and a Shimadzu GCMS-QP2010 

Ultra, respectively. Positive ESI mass spectra were taken by using ThermoFisher Scientific LTQ ORBITRAP XL mass 

spectrometer. IR spectra were recorded as thin films or as solids in KBr pellets on a HORIBA FT-720 and a JASCO FT/IR 

6200 spectrophotometer. UV-vis-NIR spectra were recorded on a JASCO V-670 spectrophotometer. Cyclic voltammetric 

measurements were performed with an ALS-600C electrochemical analyzer using a glassy carbon working electrode, a Pt 

counter electrode, and an Ag/AgNO3 reference electrode at room temperature in CH2Cl2 containing 0.1 M Bu4NClO4 as the 

supporting electrolyte. Data collection for X-ray crystal analysis was performed on Rigaku/XtaLAB Synergy-S/Mo (MoK  

= 0.71075 Å) and Rigaku/XtaLAB Synergy-S/Cu (CuK  = 1.54187 Å) diffractometers. All calculations were performed with 

the observed reflections [I>2σ(I)] by the program CrystalStructure crystallographic software packages38 except for refinement, 

which was performed using SHELXL-97.39 All non-hydrogen atoms were refined with anisotropic displacement parameters 

and hydrogen atoms were placed at calculated positions and refined “riding” on their corresponding carbon atoms. 

 

Materials 

All reagents were obtained from commercial suppliers. All reactions were carried out under nitrogen. The florenone 

derivatives 328 and 429 and bisanthene 2b36 were prepared by the reported procedures. Synthesis of 1 was performed in a 

nitrogen-filled glove box. For the variable temperature 1H NMR measurement, the solution of 1b in THF-d8 was degassed by 

a repeated freeze-pump-thaw method (5 times) and then the sample tube was sealed. For the ESR measurement of the fluid 

sample of 1b, the solution of 1b in toluene (0.49 mM) was degassed by a repeated freeze-pump-thaw method (5 times) and 

then the sample tube was sealed. 

 

Computational Method 

All calculations were conducted using the Gaussian 09 program.40 The geometries of 1a2+ and 2a in the singlet state were 

optimized with the RB3LYP-D3 functional and 6-311G* basis set, to afford the optimized structures with a D2h symmetry. We 

performed geometry optimization of neutral 1a by using the RB3LYP-D3 functional and the broken-symmetry (BS) approach 

with the UB3LYP-D3 functional. Under a D2h geometry, the RB3LYP-D3 method gave a first-order saddle point with one 

imaginary frequency (687.82i cm–1), but the UB3LYP-D3 method gave the open-shell optimized structure with a D2h symmetry 

(<S2> = 1.015) as a local minimum structure giving all positive vibrational frequencies. Alternatively, the RB3LYP-D3 method 

gave a C2h geometry with closed-shell singlet state (<S2> = 0). The C–C bond lengths of neutral 1a with a D2h symmetry 

calculated by UB3LYP-D3 method nicely agreed with those of 1b determined by X-ray analysis (Figure S14). Judging from 

the result, we employed the UB3LYP-D3 geometry of neutral 1a for the calculations of the other properties. NICS(1) values 

of 1a2+ were calculated at the GIAO-RB3LYP/6-311+G* method using these optimized structures. For neutral 1a, NICS(1) 



 79 

values were calculated at the GIAO-UB3LYP/6-311+G* method, since the RDFT approach is considered to give very different 

feature of magnetic response properties of open-shell singlet systems compared with the broken-symmetry UDFT results.41,42 

Molecular orbitals of 1a and 2a were evaluated at the UB3LYP/6-311+G* and the RB3LYP/6-311+G*level, respectively. 

Electronic excitation properties of 1a and 2a were evaluated by the TDDFT method U or RB3LYP and 6-311+G* basis set, 

respectively. We have evaluated diradical index (y) and singlet-triplet energy gap (ΔEST = ES–ET) of 1a. Geometry optimizations 

of 1a in the singlet and triplet states were performed at the UB3LYP-D3/6-311G* level. The values of y were obtained from 

the occupation number of LUMO (y = nL) at the CASSCF/6-31G* level. 

 

Synthesis and Characterization 

(E) or (Z)-Dimethyl-[9,9′-bifluorenylidene]-1,1′-dicarboxylate 5 

 

A procedure from the literature30 was modified as follows: A mixture of 429 (7.51 g, 31.5 mmol) and thionyl chloride (10 mL) 

with DMF (2.4 mL, 31.2 mmol) was refluxed for 10 h. After cooling to room temperature, excessive thionyl chloride and DMF 

were removed under vacuum and the residue was washed with dry CH2Cl2 (2 mL x 3). The obtained light brown solids was 

dissolved with dry xylene (20 mL). After copper powder (pre-dried at 150 °C for 10 h under vacuum, 10 g) was added to the 

mixture, the reaction mixture was heated at 150 °C for 10 h under a N2 atmosphere. After cooling to room temperature, copper 

powder was removed by filtration and the obtained solution was washed with water, and dried over MgSO4. The organic phase 

was collected by filtration and the solvents were removed under vacuum. The residue was purified by column chromatography 

on silica gel (hexane then hexane/ethyl acetate 8:2) to give 5 as a red solid of inseparable diastereo mixture (6.55 g (isomer 

A/B = 5:2), 94%). 

Rf = 0.33 (EtOAc/hexane = 1:4); mp 225.1–225.3 °C; IR (KBr)  = 3063 (w), 2943 (w), 1729 (s), 1448 (m), 1431 (m), 1412 

(m), 1282 (m), 1261 (s), 1194 (m), 1143 (m), 767 (s), 730 (s) cm–1;  

isomer A: 1H NMR (400 MHz, CDCl3) 7.82 (d, J = 7.6 Hz, 2H), 7.76 (d, J = 7.6 Hz, 2H), 7.68 (d, J = 8.0 Hz, 2H), 7.64 (d, J = 

6.8 Hz, 2H), 7.45 (t, J = 7.4 Hz, 2H), 7.27–7.23 (m, 2H), 7.13 (t, J = 7.8 Hz, 2H), 3.22 (s, 6H, H-15); 13C NMR (100 MHz, 

CDCl3) 168.9 (s, C-14), 143.0 (s), 141.7 (s), 139.0 (s), 138.2 (s), 135.3 (s), 131.7 (s), 129.18 (d), 129.0 (d), 128.8 (d), 127.79 

(d), 123.8 (d), 122.7 (d), 119.7 (d), 51.6 (q, C-15); 

isomer B: 1H NMR (400 MHz, CDCl3) 8.47 (d, J = 7.6 Hz, 2H), 7.79 (d, J = 7.2 Hz, 2H), 7.71 (d, J = 7.6 Hz, 2H), 7.49 (d, J = 

8.4 Hz, 2H), 7.38–7.28 (m, 6H), 3.00 (s, 6H, H-15); 13C NMR (100 MHz, CDCl3) 168.2 (s, C-14), 142.2 (s), 141.9 (s), 139.6 

(s), 138.1 (s), 136.8 (s), 130.1 (s), 129.20 (d), 129.1 (d), 128.7 (d), 127.80 (d), 125.9 (d), 122.2 (d), 120.1 (d), 51.1 (q, C-15); 

MS (FAB+, 70 eV) m/z 444.2 (M+, 32), 154 (94), 136 (100) ; HRMS (FAB+, 70 eV) Calculated: (C30H20O4) 444.1362 (M+), 

Found: 444.1364; Analysis C30H20O4 (444.49) Calculated: C, 81.07; H, 4.54; O, 14.40, Found: C, 80.80; H, 4.48. 
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Heptaleno[2,1,10,9-jklm:4,5,6,7-j'k'l'm']difluorene-7,14-dione 6 

 

A mixture of 5 (1.00 g, 2.26 mmol) and trifluoromethanesulfonic acid (2 mL) was heated at 90 °C for 3 h and the reaction 

mixture was poured onto crashed ice. The precipitated solids were collected by filtration and washed with water (10 mL x 2), 

acetone (10 mL x 2), CHCl3 (10 mL x 2), and hexane (10 mL x 2). The obtained solid was dried at 100 °C under vacuum for 5 

h to give 6 as an insoluble green solid (0.860, quant.). The obtained product was too insoluble to record any NMR spectrum. 

mp >300°C: IR (KBr)  = 3064 (w), 1634 (m), 1593 (m), 1421 (m), 1372 (w), 1257 (s), 1173 (s), 1032 (s), 827 (w), 766 (m), 

715 (w), 641 (m), 580 (w), 523 (w) cm–1 MS (EI+, 70 eV) m/z 380 (M+, 100), 352 (29, –CO), 322 (15, –2CO); HRMS (EI+, 70 

eV) Calculated: (C28H12O2) 380.0837 (M+), Found: 380.0833. 

 

7,14-Dimesityl-7,14-dihydroheptaleno[2,1,10,9-jklm:4,5,6,7;j'k'l'm']difluorene-7,14-diol 7b 

 

The Grignard reagent was prepared by the reaction of magnesium turnings (0.274 g, 11.4 mmol) and 2-bromomesitylene (1.43 

mL, 9.46mol) in THF (10 mL) containing a small amount of 1,2-dibromoethane (0.1 mL) as the initiator. The mixture was 

refluxed for 1 h to give a solution of mesityl magnesium bromide in THF. A solution of mesityl magnesium bromide in THF 

was added to a suspension of 6 (0.360 g, 0.946 mmol) in THF (2 mL) at 0 °C. The mixture was stirred for overnight at room 

temperature and quenched with water. Ethyl acetate (10 mL) was added to the mixture. An insoluble solid was removed by 

filtration and the obtained organic layer was washed with water, and dried over Na2SO4. The filtrate was evaporated and the 

residue was washed with hexane (10 mL). The precipitated solids were collected by filtration and washed with hexane/CHCl3 

(7:3) to obtain 7b as yellow solid of a single diastereomer (0.264 g, 45%).  

The recrystallization for X-ray crystallographic analysis was performed from a solution of toluene/dichloromethane solution. 

mp 258.5–260.0 °C; IR (KBr)  = 3530 (s), 2971 (w), 2920 (w), 1607 (m), 1582 (w), 1476 (w), 1455 (w), 1416 (m), 1042 (w), 

1030 (w), 1004 (w), 939 (w), 851 (w), 803 (w), 770 (s), 725 (w) cm–1; 1H NMR (400 MHz, CDCl3) 7.77 (d, J = 6.8 Hz, 4H, 

H-4), 7.30 (t, J = 7.8 Hz, 4H, H-5), 7.18 (d, J = 8.0 Hz, 4H, H-6), 6.90 (brs, 4H, H-11), 2.76 (brs, 2H, OH), 2.36 (s, 6H, H-13), 

2.17 (s, 12H, H-14); 13C NMR (100 MHz, CDCl3) 143.3 (s), 141.0 (s), 140.9 (s), 137.52 (s), 137.47 (s), 136.3 (d), 133.2 (s), 

131.7 (s), 129.9 (d, C-5), 129.2 (d, C-6), 119.2 (d, C-4), 84.4 (s, C-8), 30.9 (q), 20.7 (q); MS (MALDI-TOF) m/z 621 (M+H+); 

HRMS (EI+, 70 eV) Calculated: (C30H20O4) 620.2715 (M+), Found: 620.2716. 
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7,14-Bis(4-(tert-butyl)-2,6-dimethylphenyl)-7,14-dihydroheptaleno[2,1,10,9-jklm:4,5,6,7-

j'k'l'm']difluorene-7,14-diol 7c 

 

The Grignard reagent was prepared by the reaction of magnesium turnings (0.314 g, 13.1 mmol) and 2-bromo-5-(tert-butyl)-

1,3-dimethylbenzene (2.63 g, 10.9 mmol) in THF (10 mL) containing a small amount of 1,2-dibromoethane (0.1 mL) as the 

initiator. The mixture was refluxed for 1 h to give a solution of (4-(tert-butyl)-2,6-dimethylphenyl)magnesium bromide in THF. 

A solution of (4-(tert-butyl)-2,6-dimethylphenyl)magnesium bromide in THF was added to a suspension of 6 (0.415 g, 1.09 

mmol) in THF (2 mL) at 0 °C. The mixture was stirred for overnight at room temperature and quenched with water. Ethyl 

acetate (10 mL) was added to the mixture. An insoluble solid was removed by filtration and the obtained organic layer was 

washed with water, and dried over Na2SO4. The filtrate was evaporated and the residue was washed with hexane (10 mL). The 

precipitated solids were collected by filtration and washed with hexane/CHCl3 (7:3) to obtain 7c as yellow solid of a single 

diastereomer (0.180 g, 23%). 

mp 250.5 °C (decomposition); IR (KBr)  = 3532 (s), 3426 (m), 3060 (w), 2961 (s), 2902 (w), 2865 (m), 1604 (m), 1480 (m), 

1418 (m), 1225 (m), 1006 (m), 799 (m), 767 (s), 748 (m) cm–1; 1H NMR (400 MHz, CDCl3) 7.78 (d, J = 7.2 Hz, 4H, H-5), 7.31 

(t, J = 7.8 Hz, 4H, H-4), 7.14 (d, J = 7.6 Hz, 4H, H-3), 7.08 (brs, 4H, H-11), 2.80–2.17 (m, 12H, H-13), 1.70 (brs, 2H, OH), 

1.39 (s, 18H, H-15); 13C NMR (100 MHz, CDCl3) 149.4 (s), 143.4 (s, C-10), 141.0 (s), 140.7 (s), 137.6 (s), 136.9 (d, C-11), 

133.3 (s), 129.9 (d, C-4), 129.3 (d, C-3), 127.7 (s), 119.2 (d, C-5), 84.5 (s, C-1), 34.1 (s, C-14), 31.4 (q, C-15), 25.4 (q, C-13); 

MS (MALDI-TOF) m/z 703 ([M–H]+); HRMS (ESI) Calculated: (C28H12O2) 1431 .7201 ([2M+Na]+), Found: 1431.7187. 

 

7,14-Dimesityl-7,14-dihydroheptaleno[2,1,10,9-jklm4,5,6,7-j'k'l'm']difluorene-7,14-diylium 

tetrafluoroborate 1b·2BF4 

 

A procedure from the literature43 was modified as follows: To a solution of 7b (0.10 g, 0.161 mmol) in dichloromethane (2 mL) 

was added tetrafluoroboric acid/diethyl ether complex (50–55 % in diethylether, 0.19 mL). The reaction mixture was stirred at 

0 °C for 1 h and allowed to warm to room temperature. After 1 h of stirring at room temperature, a layer of diethyl ether (15 

mL) was placed on the reaction mixture. Slow stirring the mixture led to the formation of a black precipitate. The precipitate 

was collected by filtration washed with diethylether and dried in a vacuum to give 1b·2BF4 as a dark green solid (0.122 g, 

quant.). 

mp 253.0 °C (decomposition); IR (KBr)  =2966 (w), 2920 (w), 2735 (w), 2717 (w), 2561 (w), 2377 (w), 1610 (m), 1544 (m), 
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1463 (m), 1431 (w), 1405 (s), 1362 (w), 1305 (m), 1224 (m), 1192 (s), 1160 (m), 1082 (s), 1053 (s), 1038 (s), 917 (m), 769 (m) 

cm–1; 1H NMR (400 MHz, CDCl3 (0.06% CF3SO3H)) 9.68 (d, J = 6.8 Hz, 4H, H-5), 9.01 (d, J = 8.4 Hz, 4H, H-3), 8.68 (t, J = 

7.8 Hz, 4H, H-4), 7.32 (s, 4H, H-11), 2.62 (s, 6H, H-14), 1.82 (s, 12H, H-13); 13C NMR (100 MHz, CDCl3 (0.06% CF3SO3H)) 

194.2 (s, C-1), 149.1 (s, C-8), 144.2 (d, C-3), 142.5 (s, C-12), 141.0 (s, C-6), 140.0 (d, C-5), 139.8 (s, C-7), 137.0 (s, C-2), 

136.64 (s, C-10), 136.59 (d, C-4), 135.5 (s, C-9), 128.9 (d, C-11), 21.3 (q, C-14), 20.5 (q, C-13); MS (MALDI-TOF) m/z 586 

(M+); HRMS (EI, 70 eV) Calculated: (C46H34) 586.2650 (M+), Found: 586.2651 (M+); Analysis C46H34B2F8 (760.3852) 

Calculatedd: C, 72.66; H, 4.51, B, 2.84, F, 19.99, Found: C, 69.49; H, 4.85 (Due to the sensitivity to air moisture, acceptable 

values were not obtained.). 

 

7,14-Bis(4-(tert-butyl)-2,6-dimethylphenyl)-7,14-dihydroheptaleno[2,1,10,9-jklm:4,5,6,7-

j'k'l'm']difluorene-7,14-diylium tetrafluoroborate 1c·2BF4 

A procedure from the literature43 was modified as follows: To a solution of 7c (50.0 mg, 0.071 mmol) in dichloromethane (2 

mL) was added tetrafluoroboric acid/diethyl ether complex (50–55 % in diethylether, 0.10 mL) at 0 ℃. The reaction mixture 

was stirred at 0 °C for 1 h and allowed to warm to room temperature. After 1 h of stirring at room temperature, a layer of diethyl 

ether (15 mL) was placed on the reaction mixture. Slow stirring the mixture led to the formation of a black precipitate. The 

precipitate was collected by filtration washed with diethylether and dried in a vacuum to give 1c·2BF4 as a dark green solid 

(0.068 g, quant.). 

mp >300 °C; IR (KBr)  = 3047 (w), 2961 (s), 2903 (m), 2869 (w), 1609 (m), 1547 (s), 1463 (s), 1408 (s), 1363 (m), 1295 (m), 

1225 (m), 1188 (s), 1053 (s), 945 (s), 905 (w), 871 (w), 808 (w), 768 (m), 678 (w), 564 (m), 505 (m) cm–1; 1H NMR (400 MHz, 

CDCl3 (0.06% CF3SO3H)) 9.68 (d, J = 6.8 Hz, 4H, H-5), 8.97 (d, J = 8.8 Hz, 4H, H-3), 8.69 (t, J = 8.0 Hz, 4H, H-4), 7.48 (s, 

4H, H-11), 1.85 (s, 12H, H-13), 1.55 (s, 18H, H-15); 13C NMR (100 MHz, CDCl3 (0.06% CF3SO3H)) 194.4 (s, C-1), 155.6 (s, 

C-12), 149.1 (s, C-2), 144.1 (d, C-3), 141.0 (s, C-6), 139.9 (d, C-5), 139.7 (s, C-7), 137.0 (s, C-10), 136.6 (d, C-4), 136.4 (s, C-

8), 135.6 (s, C-9), 125.2 (d, C-11), 35.0 (s, C-14), 31.3 (q, C-15), 20.8 (q, C-13); MS (EI+, 70 eV) m/z 670 (M+, 100), 613 (6); 

HRMS (EI+, 70 eV) Calculated: (C52H46) 670.3589 (M +), Found: 670.3592 (M+); Analysis C52H46B2F8 (844.5472) Calculated: 

C, 73.95; H, 5.49, B, 2.56, F, 18.00, Found: C, 73.18; H, 5.55 (Due to the sensitivity to air moisture, acceptable values were 

not obtained.). 

 

7,14-Dimesitylheptaleno[2,1,10,9-jklm:4,5,6,7-j'k'l'm']difluorene 1b 
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In a nitrogen-filled glove box, a solution of decamethylferrocene (49.0 mg 0.150 mmol) in CH3CN (3 mL) was added to a 

solution of 1b·2BF4 (58.0 mg, 0.0763 mmol) in CH3CN (5 mL). The mixture was stirred at room temperature for 2 h. The 

precipitated solids were collected by filtration and washed with CH3CN until the filtrate was not green-colored. The collected 

solids were dissolved in benzene (10 mL) and insoluble materials were removed by filtration through a cotton. The filtrate was 

evaporated to obtain 1b as a green solid (35.0 mg, 78 %). The recrystallization of 1b from a chlorobenzene–chloroform solution 

in a degassed sealed tube afforded a single crystal suitable for the X-ray crystallographic analysis. 

mp >300 °C; IR (KBr)  = 2911 (w), 1579 (w), 1457 (m), 1411 (w), 1397 (w), 1374 (w), 1055 (w), 1034 (w), 918 (w), 848 (m), 

787 (s), 745 (s), 720 (m) cm–1; MS (EI+, 70 eV) m/z 586 (M+, 100), 468 (32), 350 (20); HRMS (EI+, 70 eV) Calculated: (C46H34) 

586.2661 (M+), Found: 586.2651 (M+). 

 

7,14-Bis(4-(tert-butyl)-2,6-dimethylphenyl)-heptaleno[2,1,10,9-jklm:4,5,6,7-j'k'l'm']difluorene 1c 

 

In a nitrogen-filled glove box, a solution of decamethylferrocene (33.9 mg 0.102 mmol) in CH3CN (2 mL) was 

added to a solution of 1c·2BF4 (39.4 mg, 0.0518 mmol) in CH3CN (2 mL). The mixture was stirred at room 

temperature for 2 h. The precipitated solids were collected by filtration and washed with CH3CN until the filtrate 

was not green-colored. The collected solids were dissolved in benzene (10 mL) and insoluble materials were 

removed by filtration through a cotton. The filtrate was evaporated to obtain 1c as a green solid (30.0 mg, 86 %).  

mp >300 °C; IR (KBr)  = 2910 (w), 1608 (w), 1578 (m), 1455 (m), 1411 (w), 1396 (m), 1372 (m), 1036 (w), 918 

(m), 849 (m), 788 (s), 745 (s), 721 (w), 661 (w) cm–1; MS: (EI+, 70 eV) m/z 670 (M+, 100), 613 (5); HRMS (EI+, 

70 eV) Calculated: (C46H34) 670.3600 (M+), Found: 670.3591 (M+). 

 

Supporting Information 

7,14-Dimesityl-7,14-dihydroheptaleno[2,1,10,9-jklm:4,5,6,7;j'k'l'm']difluorene-7,14-diol 7b 

 

Figure S1. ORTEP drawings of 7b at the 50% probability level. 
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Empirical Formula 
Formula Weight 
Crystal Color, Habit 
Crystal Dimensions 
Crystal System 
Lattice Type 
Lattice Parameters 
 
 
 
 
 
 

C46H36O2 
620.79 
Metallic light yellow, block 
0.229 X 0.172 X 0.138 mm 
triclinic 
Primitive 
a = 8.3096(2) Å 
b = 13.4671(5) Å 
c = 13.8293(4) Å 
 = 93.309(3) ° 
 = 91.851(2) ° 
 = 91.515(2) °  
V = 1543.58(8) Å3 

 Space Group 
Z value 
Dcalc 
F000 
(CuK) 
Temperature 
No. Observations (All reflections) 
No. Variables 
Reflection/Parameter Ratio 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (All reflections) 
Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
 

P-1 (#2) 
2 
1.336 g/cm3 
656.00 
6.183 cm–1 

–150.0 °C 
6226 
435 
14.31 
0.0458 
0.1284 
1.058 
0.000 
 

 

7,14-bis(4-(tert-butyl)-2,6-dimethylphenyl)-7,14-dihydroheptaleno[2,1,10,9-jklm:4,5,6,7-

j'k'l'm']difluorene-7,14-diylium 1c·2BF4 

 

Figure S2. ORTEP drawings of 1c·2BF4
 at the 50% probability level. 

Empirical Formula 
Formula Weight 
Crystal Color, Habit 
Crystal Dimensions 
Crystal System 
Lattice Type 
Lattice Parameters 
 
 
 
 
Space Group 
Z value 

C52H46B2F8 
844.54 
Metallic light purple, block 
0.404 X 0.083 X 0.067 mm 
monoclinic 
I-centered 
a = 28.2664(9) Å 
b = 8.0077(2) Å 
c = 18.2814(5) Å 
 = 90.756(3) ° 
V = 4137.6(2) Å3 
I2/a (#15) 
4 

 Dcalc 
F000 
(MoK) 
Temperature 
No. Observations (All reflections) 
No. Variables 
Reflection/Parameter Ratio 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (All reflections) 
Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
 

1.356 g/cm3 
1760.00 
1.016 cm–1 

–150.0 °C 
5265 
280 
18.80 
0.0667 
0.1788 
1.044 
0.000 
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7,14-dimesitylheptaleno[2,1,10,9-jklm:4,5,6,7-j'k'l'm']difluorene 1b 

 

Figure S3. ORTEP drawings of 1b at the 50% probability level. 

 

Empirical Formula 
Formula Weight 
Crystal Color, Habit 
Crystal Dimensions 
Crystal System 
Lattice Type 
Lattice Parameters 
 
 
 
 
Space Group 
Z value 

C46H34 
586.77 
Metallic light black, block 
0.128 X 0.102 X 0.075 mm 
monoclinic 
Primitive 
a = 8.21746(18) Å 
b = 24.3054(5) Å 
c = 7.85743(16) Å 
 = 107.053(2) ° 
V = 1500.36(6) Å3 
P21/c (#14) 
2 

 Dcalc 
F000 
(CuK) 
Temperature 
No. Observations (All reflections) 
No. Variables 
Reflection/Parameter Ratio 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (All reflections) 
Goodness of Fit Indicator 
Max Shift/Error in Final Cycle 
 

1.299 g/cm3 
620.00 
5.545 cm–1 

–150.0 °C 
3028 
208 
14.56 
0.0430 
0.1082 
1.039 
0.001 
 

 

 

 

Figure S4. Summary for the observed bond lengths (displayed to three decimal places) / Å for 1b and 1c2+. 
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Figure S6. χpT–T plot of the powdered 1b. The measured data are plotted as open circles. The theoretical 

curve is drawn using the Bleaney–Bowers equation for the singlet–triplet model,44 with the parameters of 

2J/kB (= ES–T) = –1080 K, impurity spin contamination = 7.0%, g = 2.00, diamagnetic susceptibility = –

200×10–6 emu/mol. 

 

 (A)  (B)  

Figure S7. ESR spectra of a glassy toluene sample of 1b at 170–115 K. (A) Temperature-dependent ESR 

spectra (g-value = 2.0027), the inset is the forbidden Ms = ±2 half-field signals and (B) simulated (red) and 

observed (black) spectra (ΔMs = ±1) at 160 K. The microwave frequency used was 9.58840 GHz. The zero 

field splitting parameters were determined as ǀDǀ = 27.3 mT = 0.0252 cm–1, ǀEǀ = 0 mT = 0 cm–1 (line width 

parameters; x = 1.55 mT, y = 0.70 mT, z = 13.0 mT) by the spectral simulation. 
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(A)  (B)  

Figure S8. (A) ESR spectra of a toluene solution of 1b at 300 K. 9.60243 GHz, g-value = 2.0027, Gain = 

4480, sweep time = 5 min, modulation amplitude = 0.05 mT, and (B) the temperature dependency of the ESR 

signal intensities in the fluid toluene solution at 180–300 K. 

 

 

Figure S9. Temperature-dependent 1H NMR (400 MHz) spectra of 1b in THF-d8. Small asterisk indicates a 

small amount of residual solvents for recrystallization. 
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compound E2
ox / V E1

ox / V E1
red / V E2

red / V redoxE1 / V 

1b +0.30 –0.34 –1.56 –2.01a) 1.22 

2b +0.65 +0.02 –1.66 –2.19a) 1.68 

                  a) peak potential  

Figure S10. Cyclic voltammograms of 1b (red) and 2b36 (black) (V vs. Fc/Fc+, in 0.1M nBu4NClO4/CH2Cl2, 

scan rate = 100 mV/s, room temperature). 

 

 

Figure S11. Electronic absorption spectrum of 1b in CH2Cl2. Inset shows a magnified view.  

 / nm (ε / M–1cm–1) 934 (4579), 418 (7681), 398 (8388), 309 (41170). 
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Figure S12. Electronic absorption spectrum of 1c in CH2Cl2. Inset shows a magnified view.  

 / nm (ε / M–1cm–1) 935 (4586), 398 (4113), 309 (34604). 

 

 (A)  (B)  

Figure S13. (A) Periodical measurements of electronic absorption of 1b in CH2Cl2 at lowest-energy region 

upon exposure to air under room light at room temperature, and (B) plot of the absorbance at 934 nm with 

time and the half-life time was estimated to be 3 days. 

 

Optimization of 2a 

 

Table S1. Summary of bond lengths of optimized structure. 

bond Observed 

bond length / Å 

D2h model of 1aa) 

bond length / Å 

C2h model of 1ab) 

bond length / Å 

 bond Observed 

bond length / Å 

D2h model of 1aa) 

bond length / Å 

C2h model of 1ab) 

bond length / Å 

a 1.4387(16) 1.41454 1.38145  j 1.4614(18) 1.46082 1.46275 

b 1.4278(19) 1.42698 1.44735  k 1.4667(16) 1.46953 1.48218 

c 1.3806(17) 1.38113 1.36232  l 1.4285(18) 1.41903 1.4131 

d 1.3936(18) 1.40019 1.42434  m 1.4125(18) 1.41317 1.41225 

e 1.3866(19) 1.38902 1.36734  n 1.3838(16) 1.38902 1.38984 

f 1.4117(16) 1.41317 1.43814  o 1.3970(20) 1.40019 1.39573 
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g 1.4272(17) 1.41903 1.43852  p 1.3700(20) 1.38113 1.38491 

h 1.4724(19) 1.46953 1.42175  q 1.4386(17) 1.42698 1.41999 

i 1.3727(17) 1.37213 1.40411  r 1.4273(19) 1.41454 1.42984 

a) The optimization was performed by the (BS)-UB3LYP-D3/6-311G* level. b) The optimization was 

performed by the RB3LYP-D3/6-311G*. 

 

 

Figure S14. Comparison of bond lengths among the observed geometry of 1b and the theoretically optimized 

models of 1a.  

 

Table S2. Calculated results of diradical index (y) and adiabatic 

Singlet-Triplet energy gaps (ES–T)a) of 1a. 

 1a 

CASSCF(2,2)/6-31G* y 0.715 

ES–T / kcalmol–1 –2.68 

ES–T (+ZPVE) / kcalmol–1 –2.79 

singlet (ZPVE) /hartree   <S2> = 1.015 –1075.7472763 (0.3210932)  

triplet (ZPVE) /hartree   <S2> = 2.050 –1075.745121 (0.3211829) 

a) Geometry optimizations of 1a in the singlet and triplet states were performed at the (BS)-UB3LYP-D3/6-

311G* level. 
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(A)   (B)  

Figure S15. Spin density distribution (the contour level of 0.005 / Å3) of the (A) singlet and (B) triplet state 

of 1a calculated by the (BS)-UB3LYP-D3/6-311G* level. Positive (blue) and negative (green) spin densities 

are shown. 

 

 

Figure S16. Summary for NICS(1) values of 1a and 1a2+. The NICS(1)values were calculated at the GIAO-

(U)B3LYP/6-311+G*//(U) or (R)B3LYP-D3/6-311G* level. 

 

 (A)        (B)  

Figure S17. Calculated orbital energy diagram of HOMO–1, HOMO, LUMO, LUMO+1 (A) for 1a at the 

UB3LYP-D3/6-311G* level and (B) for 2a at the RB3LYP-D3/6-311G* level. 
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Table S3. Selected excitation energies of 1a calculated at the TD-UB3LYP/6-311+G*//UB3LYP-D3/6-

311G* level. 

Excited state 

number 

Excitation energy / eV 

(wavelength / nm) 

Excitation amplitudes 

 

Oscillator strength 

1 

(<S2> = 0.940) 

0.929 (1335) –0.701 

0.701 

(HOMO – LUMO) 

(HOMO – LUMO) 

0.0000 

3 

(<S2> = 0.213) 

1.26 (981) 0.705 

0.705 

(HOMOα – LUMO+1α) 

(HOMOβ – LUMO+1β) 

0.0000 

4 

(<S2> = 0.111) 

1.33 (935) –0.704 

0.704 

(HOMOα – LUMO+1α) 

(HOMOβ – LUMO+1β) 

0.0209 

7 

(<S2> = 0.937) 

2.49 (497) –0.302 

–0.601 

0.302 

0.601 

(HOMO-1α – LUMO+1α) 

(HOMO – LUMO+2α) 

(HOMO-1β– LUMO+1β) 

(HOMOβ– LUMO+2β) 

0.0000 

 

Table S4. Selected excitation energies of 2a calculated at the TD-B3LYP/6-311+G*//RB3LYP-D3/6-311G* 

level. 

Excited state 

number 

Excitation energy / eV 

(wavelength / nm) 

Excitation amplitudes 

 

Oscillator strength 

1 1.72 (721) 0.714 (HOMO – LUMO) 0.2323 

2 2.81 (442) 0.402 

0.542 

(HOMO-1 – LUMO) 

(HOMO – LUMO+1) 

0.0000 

3 2.95 (420) 0.531 

–0.272 

0.369 

(HOMO-1 – LUMO) 

(HOMO – LUMO+1) 

(HOMO – LUMO+2) 

0.0000 
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Chapter 4 

 

Bis-periazulene as a Non-alternant Isomer of Pyrene: Synthesis and 

Characterization of Triaryl Derivatives 

 

4-1. Introduction 

Non-alternant hydrocarbons have recently experienced a remarkable resurgence.1,2,11,3–10 Their unique 

electron configurations and molecular orbital characteristics are derived from the topological difference of 

the π-electron network, which is given by replacing hexagons of alternant hydrocarbons with a pair of 

pentagon and heptagon.12 One seminal example of a non-alternant hydrocarbon is azulene. Its deep blue color 

and polarized structure have engaged many chemists’ attentions13–16 as a building block of π-extended 

molecules17–20 and as a great candidate of optoelectronics.21–24 Other vital studies include structural isomers 

of pyrene (Figure 1A).5 Through pioneering works by Boekelheide,25,26 Reid,27 Gardner,28 Hafner,29 

Anderson,30 and Vogel,31 six of the seven possible non-alternant isomers of pyrene, which contain the pair(s) 

of pentagon and heptagon, have been isolated and characterized as stable aromatic molecules, revealing their 

different optoelectronic properties from pyrene itself. 

 

 

Figure 1. (A) Molecular structures of non-alternant isomers of pyrene. (B) Synthetic attempts of bis-

periazulenes 1. 

 

The only one unsynthesized isomer, bis-periazulene (cyclohepta[def]fluorene) 1, remains elusive despite 

many synthetic efforts. The first synthetic attempt of 1a was reported in 1955 from Reid’s group.27 Sutherland 

followed Reid’s work, to synthesize the tropylium-type cation salt 2a+∙ClO4
‒.32,33 Hafner designed a 

kinetically protected derivative 1b by three tert-butyl groups and characterized the dianion 1b2‒ by NMR 
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measurements.34 These synthetic works provided the useful precursors of 1. However, the transformations 

into 1 by deprotonation or two-electron oxidation failed due to the inherent instability of 1 against oxidation 

and self-polymerization (Figure 1B).33,34 Recently, Wu reported the synthetic attempt of -extended analog 

but failed to undergo the Lewis-acid mediated cyclization.35 The theoretical calculations have offered 

fascinating clues as to the electronic structures of 1.36 The previous DFT calculation predicted that 1 would 

have an open-shell nature with the triplet ground state that is around 2 kcal/mol lower than the lowest singlet 

state, even though 1 can be described by a closed-shell Kekulé structure.37 Malrieu suggested that the lowest 

singlet and triplet states of 1 are nearly degenerate in their different equilibrium geometries by using both 

geometry-dependent Heisenberg Hamiltonian and ab initio methods.38 These intriguing experimental and 

theoretical studies demonstrate the worth of synthesizing and characterizing 1. 

The double peri-benzoannulation on an azulene provides the fascinating electronic features of 1 (Figure 2). 

The hexagons within 1 adopt o-quinoidal forms in the closed-shell Kekulé structure (1a-A), which should 

peripherally delocalize the 14-system by the equivalent resonance/interconversion.39,40 When the quinoidal 

forms are transformed into the benzenoid forms, two possible structures are considered. One is the charge-

separated polarized structure (1a-B), which is reminiscent of the contribution of the embedded azulene 

core.9,41–43 The other is the open-shell diradical structure (1a-C), where an m-quinodimethane subunit, a 

typical non-disjoint non-Kekulé diradical,44–46 engages in the stabilization of the triplet state. These 

considerations prompted us to synthesize 1 and unveil the electronic structures of 1, including the actual 

ground state. In this chapter, the authors synthethized and characterized kinetically stabilized bis-periazulene 

derivtives. 

 

 

Figure 2. Resonance structures of 1a. Hexagonal rings in gray denote benzenoid rings. Bold lines indicate 

the peripheral-conjugated circuit. 
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4-2. Results and Discussion 

To improve the kinetic stability, the authors planned to introduce ortho-disubstituted aromatic groups into 

the three reactive sites of 1a (Scheme 1). According to the reported procedures,47,48 9-aryl-9H-fluorenes 3 

were synthesized. 2,4,6-Trimethylphenyl (Mes) (c), 2,4,6-triisopropylphenyl (Trip) (d), and 2,6-

dichlorophenyl (Dcp) (e) groups were introduced into the pentagon of 3. Formylation of 3 followed by 

palladium-catalyzed cross-coupling of 4 with (trimethylsilyl)acetylene afforded fluorene derivatives 5. An 

intramolecular cyclization between the aldehyde and alkyne of 5 is a direct step to construct a heptagon 

(Table S1). Considering an affinity to both carbonyl and alkyne moieties,49,50 the authors applied indium(III) 

salts as Lewis acid to the cyclization. Fortunately, treating 5 with In(OTf)3 directly gave 6. The indium(III) 

center would activate the carbonyl and facilitate the cyclization. Nucleophilic attack on enones 6 with 

mesitylmagnesium bromide afforded 1,4-addcuts 7 and oxidation by 2,3-dichloro-5,6-dicyano-p-

benzoquinone (DDQ) gave mesityl-substituted enones 8. Re-treatment of 8 with mesitylmagnesium bromide 

afforded alcohols 9 as 1,2-adducts to the carbonyls. Treating alcohols 9 with HBF4·Et2O immediately 

produced tropylium-type cation salts 2+·BF4
‒.51 For the deprotonation of 2+ into 1, the choice of a suitable 

base was important. When the authors applied sodium hydride to the deprotonation of 2d+,52,53 an over-

reduced radical anion 1d•‒, confirmed by X-ray analysis, was unexpectedly obtained. Alternatively, changing 

base into lithium hydride successfully transformed 2+ into the desired molecule 1. The obtained compounds 

1 were air-sensitive dark brown solids. A THF solution of 1 gradually decomposed upon exposure to air 

under room light and temperature (half-lives: 1c: 2.4 h, 1d: 19 h, 1e: 73 h). 

 

Scheme 1. Synthesis of triaryl bis-periazulenes 1. 
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The redox behaviors of 1c‒e in solution were investigated with cyclic voltammetry (Figure S1 and Table 

S2). The cyclic voltammogram of 1c showed two reversible and two irreversible redox waves (E2
ox, pa = +0.76 

V, E1
ox = ‒0.17 V, E1

red = ‒1.31 V, and E2
red, pc = −2.04 V vs Fc/Fc+). The electrochemical HOMO−LUMO 

gap of 1.14 eV, estimated from the difference between the first oxidation and reduction potentials, is 

comparable to Feng’s nonbenzenoid nanographene (1.13 eV),54 even though 1c is a much smaller π-

conjugated system. The observed behaviors were essentially the same as in 1c‒e. Treating 1c with AgSbF6 

afforded a radical cation 1c•+, characterized by ESR spectroscopic and X-ray crystallographic analyses 

(Figures S2 and S9). The reduction of 1c with potassium metal quantitatively yielded the dianion 1c2–, which 

was confirmed by the NMR measurements (Figure S4) and reproduced Hafner’s study.34 

Careful recrystallizations from a CH2Cl2/hexane (1c and 1d) or THF/hexane (1e) solution in a nitrogen-

filled glovebox gave single crystals of 1c‒e suitable for X-ray crystallographic analyses. Ortep drawing of 

1d was shown in Figure 3A (Figures S5‒7 for 1c and e). X-ray crystallographic analysis illustrated the main 

core of 1d assumes a planar structure. The dihedral angle of the Trip group on the pentagon with the main 

core (65°) is smaller than that of the mesityl groups on the heptagon (ave. 82°). The main core of 1d exhibits 

a slight bond length alternation (BLA) but assumes an approximate C2v symmetry. These fundamental 

geometrical characteristics of 1d are mostly identical to those of 1c/e (Figures S11‒13). To evaluate the 

canonical structure contributing to the observed geometry, the authors focused on the bridging bond a 

between the pentagon and heptagon (Figure 3). The bond length of the a bond in 1d is 1.391(2) Å, which is 

considerably shorter than that of azulene (1.489 Å).55 The double bond character of the a bond implies that 

a quinoidal form (1a-A in Figure 2) emerges as a dominant resonance structure. The BLA of the two hexagons 

is not small according to the harmonic oscillator model of aromaticity (HOMA)56,57 analysis (ca. 0.6), which 

supports the quinoidal character (Figure 3B). Contrarily, the HOMA value indicates a larger value for the 

perimeter of the main core of 1d (0.88), suggesting the peripheral 14-electron delocalization is induced by 

the interconversion between equivalent two quinoidal forms (1a-A). 

 

Figure 3. (A) Ortep drawing of 1d with at the 50% probability level. (B) Selected bond lengths with 

HOMA values (italic) of 1d. (C) AICD plots with NICS(1) values (italic) of 1a'. (D) ESP map of 1a'. 
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The magnetic criteria for aromaticity illustrate another aspect of the -conjugation of 1 (Figure 3C). The 

NICS(1) calculations of 1a' (The substituents of the X-ray geometry of 1d were replaced by hydrogen atoms.) 

at the UCAM-B3LYP/def2-SVP level reveal that the large negative values (from –14.7 to –18.5) appear on 

the fluorene moiety, whereas non-aromatic character (–3.1) emerges on the heptagon. The anisotropy of the 

induced current density (AICD)58,59 plots clockwise manifests the diamagnetic ring currents on the 6-5-6 ring 

system. Additionally, the electrostatic potential (ESP) map of 1a' indicates that the pentagon and the adjacent 

hexagons have a negative charge, whereas the heptagon has a relatively positive charge (Figure 3D). Judging 

from these magnetic/electrostatic evaluation, 1 should be described by the combination of a fluorenyl anion 

and an allyl cation, suggesting the charge-separated polarized structure is a non-negligible resonance 

structure (1a-B in Figure 2). Experimentally, 1 behaves as a basic hydrocarbon like azulene-based 

hydrocarbons.42,60–65 1c was readily protonated by CF3SO3H to a tropylium-type cation salt 2c+·OSO2CF3
‒

 

(Figure S14). 

On the other hand, the determined physical properties of 1 demonstrated the open-shell character. 

Superconducting quantum interference device (SQUID) measurements determined the actual ground state of 

the triaryl-substituted bis-periazulenes 1. The measurements for the microcrystalline sample of 1d showed a 

decreasing magnetic susceptibility upon cooling from 300 K to 2 K (Figure 4A). From the Bleaney‒Bowers 

fitting, the singlet‒triplet energy gap (ΔES‒T) is ‒454 K (‒0.90 kcal/mol). Although the ground state of 1d is 

determined to be singlet, contrary to the previous predictions, the determined ΔES‒T of 1d is less than half 

those of the related polycyclic systems with azulene cores (~ ‒2 kcal/mol).40,54 Our QD-SC-NEVPT2 

calculations using SA-CASSCF(4e,4o)/def2-SVP solutions support the singlet ground states of 1c‒e, 2.7‒

4.7 kcal/mol lower than the lowest triplet states (Table S4). Due to the small ΔES‒T, no NMR signal of the 

main core of 1d in THF-d8 was observed even at ‒100 °C (Figure S28).40 The electron spin resonance (ESR) 

measurements of 1d clearly displayed signals typical of a triplet species (Figures 4B and S18‒19). The signal 

intensity decreases upon cooling, supporting the singlet ground state in 1d. The observed zero field splitting 

parameters (|D| = 0.0190 cm‒1 and |E| = 0.0022 cm‒1) were well consistent the geometry of 1d. 
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Figure 4. (A) χpT–T Plot of the powdered 1d. The measured data (○) and Bleaney‒Bowers fit (—). (B) 

Observed (black) and simulated (red) ESR spectra of a glassy toluene sample of 1d at 155 K. 

 

At the present stage, it is unclear why the determined ground state of 1 is a singlet state, regardless of the 

previous theoretical studies.36–38 The introduced aryl groups may affect the energy gap between the lowest 

singlet and triplet states. The SQUID and ESR measurements of 1e, in which a Dcp group is introduced 

instead of the Trip group of 1d, showed an expanded ΔES‒T of around ‒2300 K (‒4.6 kcal/mol), five times 

larger than that of 1d, due to an electron-withdrawing character of Dcp (Figures S25‒S26). The inductive 

effect of the Dcp group should stabilize the polarized negative charge, lowering the singlet energy level and 

strengthening the pairing of two unpaired electrons (Table S6 and Figure S44). The two impacts can 

qualitatively explain the expansion of the ΔES‒T of 1e, but more comprehensive investigations are required. 

The three derivatives 1c‒e gave almost identical electronic absorptions. Figure 5 shows the electronic 

absorption spectrum of 1d in THF. The longest absorption band of 1d was a weak and broad band centered 

at around 1700 nm, reaching to over 2000 nm. No solvatochromism of 1c/e was observed among THF, 

CH2Cl2, and benzene (Figures S32 and S37).43,52 According to the small ΔES‒T, the absorption spectrum of 

1d at room temperature should be composed of absorption bands derived from triplet species as well as 

ground-state singlet species. The variable-temperature measurements of 1d in THF showed the consecutive 

spectrum changes with isosbestic points upon cooling from 294 K to 183 K (Figure S39). The increased 

absorption intensities at around 1700, 700, and 500 nm can be assigned to the singlet transitions. Contrarily, 

the absorptions at 850 and 400 nm with reduced intensities were observed due to the triplet transitions. The 

DFT calculations of singlet 1c at the CAM-B3LYP-D3/def2-SVP demonstrates that the HOMO 

(149)/LUMO (150), regardless of the -/-spin, is mainly distributed on the fluorenyl/dibenzo[a, c] 

cycloheptenyl moiety, respectively (Figure S43). The time-dependent (TD)-DFT calculations of 1c reveal 

that the lowest transition around 1700 nm is ascribed to the HOMO→LUMO transition across the pentagon 

to the heptagon (Table S5). Contrarily, at the triplet state, the frontier orbitals are different depending on the 

-/-spin (Figure S44). The -orbitals (150/151) are localized on the dibenzo[a,c] cycloheptenyl moiety, 

whereas the -orbitals (148/149) are localized on the fluorenyl moiety. The low-lying triplet transitions can 

be described by linear combinations of the local excitation for the -/-spin electron, resulting in a higher 

energy transition than the singlet (Table S6). The molecular orbital characteristics originating from the non-

alternant character of 1 visualized the difference in the electronic structure between the singlet and triplet 

states. 
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Figure 5. UV/vis/NIR absorption spectra of 1d in THF at room temperature. Inset shows a magnified view. 

 

4-3. Conclusion 

In conclusion, the authors successfully synthesized and characterized 1, the remaining non-alternant isomer 

of pyrene. Triaryl substituted 1c‒e exhibit singlet open-shell ground states, contrary to the previous 

theoretical predictions for 1a. Notably, 1 contains three aspects of -conjugation: peripheral, charge-

separated, and open-shell -conjugations. To evaluate the properties harbored by the complex electronic 

structure, further studies, including the actual ground state of the pristine 1a and the substituent effects on 

the ΔES‒T of 1, are ongoing in our group. 

 

4-4. Experimental Section 

General Information 

NMR spectra were recorded on JEOL-AL400, JEOL-ECS400 (400 MHz for 1H, and 100 MHz for 13C) and Bruker AVANCE 

III spectrometers (600 MHz for 1H, and 150 MHz for 13C) with TMS as an internal standard. 1H and 13C NMR signals of 

compounds were assigned using HMQC, HSQC, HMBC, COSY, and 13C off-resonance techniques. ESR spectra were recorded 

on a Bruker EMXmicro spectrometer. The temperature-dependent magnetic susceptibility was measured for randomly oriented 

polycrystalline samples on a Quantum Design SQUID magnetometer MPMS-XL in the temperature range of 2−300 K (for 1d) 

and 2−350 K (for 1e). Positive FAB and EI mass spectra were recorded on a JEOL JMS-700 and a Shimadzu GCMS-QP2010 

Ultra, respectively. IR spectra were recorded as thin films or as solids in KBr pellets on a JASCO FT/IR 6200 spectrophotometer. 

UV-vis-NIR spectra were recorded on JASCO V-670 and V-770 spectrophotometers. Cyclic voltammetric measurements were 

performed with an ALS-600C electrochemical analyzer using a glassy carbon working electrode, a Pt counter electrode, and 

an Ag/AgNO3 reference electrode at room temperature in THF containing 0.1 M nBu4NClO4 as the supporting electrolyte. Data 

collection for X-ray crystal analysis was performed on Rigaku/XtaLAB Synergy-S/Cu (CuK  = 1.54187 Å) diffractometers. 

All non-hydrogen atoms were refined with anisotropic displacement parameters and hydrogen atoms were placed at calculated 

positions and refined “riding” on their corresponding carbon atoms by Olex266 program. 
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Materials 

All reagents were obtained from commercial suppliers and used as received. Sodium hydride was pre-washed with dried 

hexane before use in order to remove the dispersed oils. 4,5-Dibromo-9H-fluoren-9-one S147 were prepared by the reported 

procedures. Syntheses of 1 and the reduction/oxidation of 1c were performed in a nitrogen-filled glove box. 

 

Synthesis and Characterization 

4,5-Dibromo-9-mesityl-9H-fluorene 3c 

 

A procedure from the literature48 was modified as follows: To a mixture of 4,5-dibromo-9H-fluoren-9-one S147 (3.00 g, 8.88 

mmol) and iron(III) chloride (75 mg, 0.46 mmol) in mesitylene (6 mL) was added chlorotrimethylsilane (1.24 mL, 9.77 mmol) 

and triethylsilane (1.5 mL, 9.45 mmol) at room temperature. The reaction mixture was stirred for 2 h at room temperature, then 

it was heated at 50 °C for 5 h. After cooling to room temperature, the reaction was quenched with water and the product was 

extracted with chloroform. The organic layer was washed with water, and dried over MgSO4. The solution was collected by 

filtration and the solvents were removed under vacuum. The residue was purified by column chromatography on silica gel 

(hexane) to give 3c as a colorless solid (3.13 g, 97%). 

Rf = 0.29 (hexane), 0.71 (hexane : EtOAc = 9:1); mp 140.2–141.0 °C; IR (KBr)  = 3047 (w), 2963 (w), 2916 (w), 2858 (w), 

1554 (w), 1455 (w), 1400 (m), 1102 (m), 855 (m), 753 (s) cm–1; 1H NMR: (400 MHz, CDCl3) 7.67–7.65 (m, 2H, 5-H), 7.15–

7.12 (m, 4H, 3-H, 4-H), 7.01 (s, 1H, 10′-H), 6.67 (s, 1H, 10-H), 5.50 (s, 1H, 1-H), 2.62 (s, 3H, 12′-H), 2.28 (s, 3H, 13-H), 1.09 

(s, 3H, 12-H); 13C NMR (100 MHz, CDCl3) 151.0 (s, C-2), 139.5 (s, C-7), 137.7 (s, C-9, C-9′, two signals were overlapped.), 

136.8 (s, C-11), 134.0 (d, C-5), 133.1 (s, C-8), 130.7 (d, C-10), 128.92 (d), 128.87 (d), 122.5 (d, C-4), 116.2 (s, C-6), 50.4 (s, 

C-1), 21.6 (q, C-12′), 20.8 (q, C-13), 18.7 (q, C-12); MS (EI, 70 eV) m/z 444 ([M+4]+, 23), 442 ([M+2]+, 45), 440 (M+, 24), 

361 (100), 267 (64); HRMS (EI, 70 eV) Calculated (C22H18Br2): 439.9775 (M+), Found: 439.9770; Analysis: C22H18Br2 

(442.1940) Calculated: C, 59.76; H, 4.10; Br, 36.14, Found: C, 59.82; H, 4.06. 

 

5-Bromo-9-mesityl-9H-fluorene-4-carbaldehyde 4c 

 

Under nitrogen atmosphere, nBuLi (1.6 M in hexane, 5.5 mL, 8.86 mmol) was added to a solution of 3c (3.92 g, 8.86 mmol) in 

freshly dried THF (35 mL) at –78 °C. After stirred for 2 h at the temperature, anhydrous DMF (20 mL) was added to the 
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reaction mixture. The reaction mixture was stirred for 10 min at –78 °C and was allowed to gradually warm to room temperature 

for 2 h. The reaction was quenched by aqueous HCl (1 M) at 0 °C. After the mixture was stirred for 30 min at 0 °C, the products 

were extracted with chloroform. The organic layer was washed with water and dried over MgSO4. After filtration of the drying 

agent, the solvent was removed under vacuum. The residues were purified by column chromatography on silica gel with hexane 

and ethyl acetate (95:5) to give 4c as a colorless solid (2.30 g, 66%). 

Rf = 0.37 (hexane : EtOAc = 9:1); mp 131.0–131.5 °C; IR (KBr)  = 3062 (w), 2968 (w), 2858 (w), 1685 (s), 1455 (m), 1445 

(m), 1380 (m), 1230 (m), 853 (m), 760 (s) cm–1; 1H NMR (400 MHz, CDCl3) 10.99 (s, 1H, 20-H), 7.84 (d, J = 8.0 Hz, 1H, 10-

H), 7.61–7.59 (m, 1H, 5-H), 7.40 (t, J = 7.2 Hz, 1H, 11-H), 7.37–7.34 (m, 1H, 12-H), 7.21–7.18 (m, 1H, 3-H), 7.17 (t, J = 6.4 

Hz, 1H, 4-H), 7.03 (s, 1H, 16′-H), 6.67 (s, 1H, 16-H), 2.65 (s, 3H, 18′-H), 2.27 (s, 3H, 19-H), 1.07 (s, 3H, 18-H); 13C NMR 

(100 MHz, CDCl3) 191.6 (d, C-20), 151.2 (s, C-2), 149.0 (s, C-13), 139.9 (s, C-8), 139.3 (s, C-7), 137.7 (s, C-15′), 137.4 (s, C-

15), 136.9 (s, C-17), 132.8 (d, C-5), 132.4 (s, C-9, C-14, two signals were overlapped.), 130.7 (d, C-16), 129.6 (d, C-4), 129.0 

(d, C-16′), 128.1 (d, C-11), 127.8 (d, C-12), 127.2 (d, C-10), 123.4 (d, C-3), 117.5 (s, C-6), 50.4 (d, C-1), 21.6 (q, C-18′), 20.8 

(q, C-19), 18.6 (q, C-18); MS (EI, 70 eV) m/z 392 ([M+2]+, 4), 390 (M+
, 4), 311 (100); HRMS (EI, 70 eV) Calculated 

(C23H19BrO): 390.0619 (M+), Found: 390.0613; Analysis C23H19BrO (391.3080) Calculated: C, 70.60; H, 4.89; Br, 20.42; O, 

4.09, Found: C, 70.81; H, 4.77. 

 

9-Mesityl-5-((trimethylsilyl)ethynyl)-9H-fluorene-4-carbaldehyde 5c 

 

Under nitrogen atmosphere, PdCl2(PPh3)2 (0.430 g, 0.588 mmol) was added to a mixture of 4c (2.30 g, 5.88 mmol), CuI (0.675 

g, 3.53 mmol) and PPh3 (0.323 g, 1.23 mmol) in freshly dried THF (100 mL) and anhydrous Et3N (40 mL) at room temperature. 

The mixture was heated to 50 °C and stirred for 10 h at the temperature. The reaction was quenched by saturated aqueous 

NH4Cl at 0 °C and the products were extracted with chloroform. The organic layer was washed with water and dried over 

MgSO4. After filtration of the drying agent, the solvent was removed under vacuum. The residues were purified by column 

chromatography on silica gel with hexane and ethyl acetate (95:5) to give 5c as a colorless solid (1.98 g, 82%). 

Rf = 0.51 (hexane : EtOAc = 9:1); mp 157.0–158.0 °C; IR (KBr)  = 3062 (w), 2963 (m), 2864 (w), 2146 (m), 1688 (s), 1389 

(m), 1249 (s), 848 (s), 762 (s) cm–1; 1H NMR (400 MHz, CDCl3) 11.32 (s, 1H, 20-H), 7.92 (dd, J = 6.8 Hz, 2.0 Hz 1H, 10-H), 

7.61 (d, J = 7.6 Hz, 1H, 5-H), 7.41–7.36 (m, 2H, 11-H, 12-H), 7.28 (t, J = 7.4 Hz, 1H, 4-H), 7.21 (d, J = 7.2 Hz, 3-H), 7.03 (s, 

1H, 16′-H), 6.67 (s, 1H, 16-H), 5.47 (s, 1H, 1-H), 2.66 (s, 3H, 18′-H), 2.28 (s, 3H, 19-H), 1.07 (s, 3H, 18-H), 0.32 (s, 9H, 23-

H); 13C NMR (100 MHz, CDCl3) 192.1 (d, C-20), 149.1 (s, C-2), 149.0 (s, C-13), 140.9 (s, C-8), 139.7 (s, C-7), 137.7 (s, C-

15′), 137.5 (s, C-15), 136.8 (s, C-17), 134.1 (d, C-5), 132.64 (s, C-14), 132.58 (s, C-9), 130.7 (d, C-16), 129.0 (d, C-16′), 128.0 

(d), 127.9 (d), 127.8 (d), 126.6 (d, C-10), 124.6 (d, C-3), 119.0 (s, C-6), 105.0 (s, C-21), 99.3 (s, C-22), 49.7 (d, C-1), 21.7 (q, 

C-18′), 20.8 (q, C-19), 18.7 (q, C-18), –0.51 (q, C-23); MS (CI, 70 eV) m/z 409 ([M+H]+, 100), 393 (7); HRMS (CI, 70 eV) 

Calculated (C28H29OSi): 409.1982 ([M+H]+), Found: 409.1985; Analysis C28H28OSi (408.6160) Calculated: C, 82.30; H, 6.91; 

O, 3.92; Si, 6.87, Found: C, 81.95; H, 7.07. 
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4-Mesitylcyclohepta[def]fluoren-8(4H)-one 6c 

 

Under nitrogen atmosphere, In(OTf)3 (2.62 g, 4.67 mmol) was added to a solution of 5c (1.90 g, 4.66 mmol) in toluene (80 

mL) at room temperature. The mixture was heated to 80 °C and stirred for 4 h at the temperature. The reaction was quenched 

by aqueous HCl (1 M) at 0 °C and the products were extracted with chloroform. The organic layer was washed with water and 

dried over MgSO4. After filtration of the drying agent, the solvent was removed under vacuum. The residues were purified by 

column chromatography on silica gel with hexane and ethyl acetate (95:5) to give 6c as a colorless solid (1.53 g, 98%). 

Rf = 0.20 (hexane : EtOAc = 9:1); mp 173.0–174.0 °C; IR (KBr)  = 3015 (w), 2963 (w), 2911 (w), 1624 (s), 1589 (s), 1413 

(m), 1335 (m), 778 (m), 738 (m) cm–1; 1H NMR (400 MHz, CDCl3) 8.46–8.43 (m, 1H, 5-H), 7.62–7.52 (m, 4H), 7.49 (t, J = 

7.4 Hz, 1H, 12-H), 7.41 (d, J = 8.0 Hz, 1H, 13-H), 7.06 (s, 1H, 19′-H), 6.94 (d, J = 12.4 Hz, 1H, 8-H), 6.65 (s, 1H, 19-H), 5.64 

(s, 1H, 1-H), 2.71 (s, 3H, 21′-H), 2.29 (s, 3H, 22-H), 0.97 (s, 3H, 21-H); 13C NMR (100 MHz, CDCl3) 187.3 (s, C-7), 148.6 (s), 

148.0 (s), 140.3 (d, C-9), 140.02 (s), 139.97 (s), 137.8 (s, C-18′), 137.5 (s, C-18), 136.8 (s, C-20), 133.3 (s, C-6), 133.2 (d, C-

8), 132.6 (s, C-17), 131.2 (s,C-10), 130.6 (d, C-19), 130.0 (d), 129.0 (d, C-19′), 128.6 (d), 128.4 (d), 127.9 (d, C-5), 127.8 (d, 

C-3), 125.3 (d, C-13), 49.5 (d, C-1), 21.8 (q, C-21′), 20.8 (q, C-22), 18.7 (q, C-21); MS (EI, 70 eV) m/z 336 (M+, 100); HRMS 

(EI, 70 eV) Calculated (C25H20O): 336.1514 (M+), Found: 336.1509. 

 

4,10-Dimesitylcyclohepta[def]fluoren-8(4H)-one 8c 

 

The Grignard reagent was prepared by the reaction of magnesium turnings (0.513 g, 21.1 mmol) and 2-bromomesitylene (2.90 

mL, 19.3 mmol) in THF (10 mL) containing a small amount of 1,2-dibromoethane (0.1 mL) as the initiator. The mixture was 

refluxed for 1 h to give a solution of mesityl magnesium bromide in THF. Under nitrogen atmosphere, a solution of mesityl 

magnesium bromide in THF was added to a solution of 6c (1.26 g, 3.76 mmol) in THF (10 mL) at 0 °C and stirred for 2 h at 

the temperature. The reaction was quenched by saturated aqueous NH4Cl at 0 °C and the products were extracted with 
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chloroform. The organic layer was washed with water and dried over MgSO4. After filtration of the drying agent, the solvent 

was removed under vacuum. The residues were purified by column chromatography on silica gel with hexane and ethyl acetate 

(95:5) to give 7c as colorless solids of diastereo mixture (isomer A/B = 1:1). After the confirmation of the products by 1H NMR 

measurement, the diastereo mixture was subsequently oxidized without further purification. To a mixture of 7c and 2,3-

dichloro-5,6-dicyano-p-benzoquinone (DDQ) (1.03 g, 4.51 mmol) in 1,4-dioxane (15 mL) was added p-toluenesulfonic acid 

monohydrate (0.863 g, 4.53 mmol) at room temperature. The mixture was heated to 100 °C and stirred for 3 h at the temperature. 

After cooling to room temperature, the reaction was quenched by water and the products were extracted with chloroform. The 

organic layer was washed with water and dried over MgSO4. After filtration of the drying agent, the solvent was removed under 

vacuum. The residues were purified by column chromatography on silica gel with hexane and ethyl acetate (90:10) to give 8c 

as a colorless solid (0.939 g, 55% in two steps). 

 

4,10-Dimesityl-9,10-dihydrocyclohepta[def]fluoren-8(4H)-one 7c 

1H NMR (400 MHz, in CDCl3) 7.98 (t, J = 7.4 Hz, 2H), 7.45–7.32 (m, 4H), 7.16–7.07 (m, 4H), 7.05 (s, 1H), 7.03 (s, 1H), 6.95 

(s, 2H), 6.93 (s, 2H), 6.73–6.66 (m, 4H), 5.63 (s, 1H), 5.51 (s, 1H), 5.03 (d, J = 7.6 Hz, 1H), 5.00 (d, J = 8.4 Hz, 1H), 3.97 (t, 

J = 12.4 Hz, 1H), 3.83 (t, J = 12.2 Hz, 1H), 3.09 (d, J = 12.8 Hz, 1H), 3.02 (d, J = 12.4 Hz, 1H), 2.69 (s, 6H), 2.33–2.28 (m, 

18H), 2.07 (s, 6H), 1.28–1.26 (m, 3H), 0.98 (s, 3H); MS (EI, 70 eV) m/z 456 (M+, 68), 336 (100), 310 (81); HRMS (EI, 70 eV) 

Calculated (C34H32O): 456.2453 (M+), Found: 456.2457. 

 

4,10-Dimesitylcyclohepta[def]fluoren-8(4H)-one 8c 

Rf = 0.32 (hexane : EtOAc = 9:1); mp 259.0–260.0 °C; IR: (KBr)  = 3052 (w), 3006 (w), 2916 (w), 1613 (s), 1588 (s), 1330 

(m), 849 (m), 776 (m), 739 (m) cm–1; 1H NMR (400 MHz, CDCl3) 8.50–8.48 (m ,1H, 5-H), 7.65–7.60 (m, 2H, 3-H, 4-H), 7.40 

(d, J = 8.0 Hz, 1H, 13-H), 7.31 (t, J = 7.6 Hz, 1H, 12-H), 7.09 (d, J = 7.6 Hz, 1H, 11-H), 7.07 (s, 1H, 19′-H), 7.00 (s, 2H, 25-

H, 25′-H), 6.94 (s, 1H, 8-H), 6.68 (s, 1H, 19-H), 5.71 (s, 1H, 1-H), 2.73 (s, 3H, 21′-H), 2.39 (s, 3H, 28-H), 2.30 (s, 3H, 22-H), 

2.09 (s, 3H, 27′-H), 2.05 (s, 3H, 27-H), 1.03 (s, 3H, 21-H); 13C NMR (100 MHz, CDCl3) 187.2 (s, C-7), 150.5 (s, C-9), 148.5 

(s, C-2, C-14, two signals were overlapped.), 140.3 (s, C-16), 140.0 (s, C-15), 138,6 (s, C-23), 137.7 (s, C-18′), 137.5 (s, C-

18), 137.1 (s, C-26), 136.7 (s, C-20), 135.11 (s), 135.08 (s), 135.02 (d, C-8), 133.2 (s, C-6), 132.8 (s, C-17), 131.6 (s, C-10), 

130.7 (d, C-19), 129.1 (d, C-19′), 128.6 (d, C-3). 128.41 (d), 128.35 (d, C-25, C-25′, two signals were overlapped.), 128.3 (d), 

127.8 (d, C-4), 127.6 (d, C-5), 125.3 (d, C-13), 49.4 (d, C-1). 21.7 (q, C-21′), 21.1 (q, C-28), 20.8 (q, C-22), 19.9 (q, C-27, C-

27′, two signals were overlapped.) 18.7 (q, C-21); MS (EI, 70 eV) m/z 454 (M+, 100), 439 (4); HRMS (EI, 70 eV) Calculated 

(C34H30O): 454.2297 (M+), Found: 454.2290. 
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4,8,10-Trimesityl-4,8-dihydrocyclohepta[def]fluoren-8-ylium tetrafluoroborate 2c‧BF4 

 

The Grignard reagent was prepared by the reaction of magnesium turnings (0.294 g, 12.1 mmol) and 2-bromomesitylene (1.48 

mL, 9.85 mol) in THF (10 mL) containing a small amount of 1,2-dibromoethane (0.1 mL) as the initiator. The mixture was 

refluxed for 1 h to give a solution of mesityl magnesium bromide in THF. Under nitrogen atmosphere, a solution of mesityl 

magnesium bromide in THF was added to a solution of 8c (0.896 g, 1.97 mmol) in THF (2 mL) at 0 °C and stirred for 3 h at 

60 °C. The reaction was quenched by saturated aqueous NH4Cl at 0 °C and the products were extracted with ethyl acetate. The 

organic layer was washed with water and dried over Na2SO4. After filtration of the drying agent, the solvent was removed 

under vacuum. The residue was filtered through a pad of alumina eluting with hexane/ethyl acetate (95:5) to give 9c as a pale 

yellow solid. After the confirmation by 1H NMR measurement, the product was subsequently treated by acid without further 

purification. A procedure from the literature51 was modified as follows: To a solution of 9c in diethyl ether (15 mL) was added 

HBF4‧Et2O (0.26 mL, 1.89 mmol). The reaction mixture was stirred at 0 °C for 2 h and allowed to warm to room temperature. 

The red precipitate was collected by filtration washed with diethyl ether and dried in a vacuum to give 2c‧BF4 as a red solid 

(1.04 g, 82% in two steps). 

 

4,8,10-Trimesityl-4,8-dihydrocyclohepta[def]fluoren-8-ol 9c 

1H NMR (400 MHz, CDCl3) 7.20–7.17 (m, 2H), 7.10 (t, J = 7.6 Hz, 1H), 7.06–7.04 (m, 2H), 6.95 (s, 1H), 6.89–6.78 (m, 4H), 

6.68 (s, 1H), 6.10 (s, 1H), 5.95 (s, 1H), 5.60 (s. 1H), 2.70–2.69 (m, 6H), 2.34–2.27 (m, 12H), 2.02 (s, 3H), 1.89–1.84 (m, 3H), 

1.18–1.16 (m, 3H); MS (EI, 70 eV) m/z 574 (M+,3), 556 ([M–18]+, 100); HRMS: (EI, 70 eV) Calculated (C43H42O): 574.3236 

(M+), Found: 574.3222. 

 

4,8,10-Trimesityl-4,8-dihydrocyclohepta[def]fluoren-8-ylium tetrafluoroborate 2c‧BF4 

mp > 300 °C; 1H NMR (600 MHz, CDCl3) 8.47 (s, 1H, 8-H), 8.42 (d, J = 7.2 Hz, 2H, 3-H), 8.29 (t, J = 7.8 Hz, 2H, 4-H), 8.19 

(d, J = 8.4 Hz, 2H, 5-H), 7.18 (s, 1H, 12′-H), 7.12 (s, 2H, 18′-H), 7.11 (s, 2H, 18-H), 6.70 (s, 1H, 12-H) , 6.40 (s, 1H, 1-H) , 

2.87 (s, 3H, 14′-H) , 2.43 (s, 6H, 21-H), 2.33 (s, 3H, 15-H), 1.96 (s, 6H, 20′-H), 1.95 (s, 6H, 20-H), 0.83 (s, 3H, 14-H); 13C 

NMR (150 MHz, CDCl3) 178.3 (s, C-7), 152.6 (s, C-2), 147.5 (s, C-9), 140.3 (s, C-19), 140.1 (d, C-8), 139.3(s), 139.2 (s), 

138.2 (s, C-13), 137.9 (s, C-16), 136.7 (s, C-11), 136.5 (s, C-6), 134.7 (s, C-17), 134.3 (d, C-4), 134.1 (d, C-3), 133.7 (s, C-

17′), 131.9 (d, C-5), 130.8 (d, C-12), 130.0 (d, C-12′), 129.4 (d, C-18), 129.0 (d, C-18′) , 49.8 (d, C-1), 21.9 (q, C-14′), 21.2 (q, 

C-21), 20.9 (q, C-15), 20.4 (q), 20.3 (q), 18.9 (q, C-14); 11B{1H} NMR (127 MHz, CDCl3, BF3‧Et2O in CDCl3 as standard) –

1.45 ppm; 19F NMR (372 MHz, CDCl3, BF3‧Et2O in CDCl3 as standard) –154.5 ppm; IR: (KBr)  = 3099 (w), 3010 (w), 2916 

(w), 1608 (m), 1552 (m), 1488 (s), 1461 (s), 1405 (s), 1063 (s) cm–1; MS (EI, 70 eV) m/z 557 (M+, 100), 541 (6); HRMS (EI, 

70 eV) Calculated (C43H41
+): 557.3203 (M+), Found: 557.3215; Analysis C43H41BF4 (644.6046) Calculated: C, 80.12; H, 6.41; 
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B, 1.68; F, 11.79, Found: C, 80.22; H, 6.42. 

 

4,8,10-Trimesitylcyclohepta[def]fluorene 1c 

 

In a nitrogen-filled glove box, LiH (4.1 mg, 0.52 mmol) was added to a solution of 2c‧BF4 (58.9 mg, 0.091 mmol) in freshly 

dried THF (8 mL). The mixture was stirred at room temperature for 3 h. After insoluble materials were removed by filtration, 

the solvent was removed under vacuum. The residues were dissolved in hexane and insoluble materials were removed by 

filtration. The filtrate was evaporated to give 1c as dark blown solid (47.7 mg, 94%). The recrystallization of 1c from a 

dichloromethane–hexane solution in a glove box afforded a single crystal suitable for the X-ray crystallographic analysis.  

mp 189.5–190.0 °C; IR (KBr)  = 3047 (w), 2959 (s), 2923 (s), 2866 (m), 1608 (m), 1560 (w), 1459 (m), 1429 (m), 1380 (m), 

1361 (m), 1055 (w), 849 (m), 797 (w) cm–1; MS (EI+, 70 eV) m/z 556 (M+, 84), 541 (7); HRMS (EI+, 70 eV) Calculated 

(C43H40): 556.3130 (M+), Found: 556.3137 (M+). 

 

4,5-Dibromo-9-(2,4,6-triisopropylphenyl)-9H-fluorene 3d 

 

A procedure from the literature48 was modified as follows: To a mixture of S147 (1.29 g, 3.81 mmol) and iron(III) chloride (25 

mg, 0.154 mmol) in 1,3,5-triisopropylbenzene (2.5 mL) was added chlorotrimethylsilane (0.54 mL, 4.25 mmol) and 

triethylsilane (0.64 mL, 4.03 mmol) at room temperature. The reaction mixture was stirred for 2 h at room temperature, then it 

was heated at 50 °C for 5 h. After cooling to room temperature, the reaction was quenched with water and the product was 

extracted with chloroform. The organic layer was washed with water, and dried over MgSO4. The solution was collected by 

filtration and the solvents were removed under vacuum. The residue was purified by column chromatography on silica gel 

(hexane) to give 3d as a colorless solid (1.18 g, 59%). 

Rf = 0.33 (hexane), 0.91 (hexane : EtOAc = 9:1); mp 158.0–159.0 °C; IR (KBr)  = 3062 (w), 2953 (s), 2924 (m), 2864 (m), 

1557 (w), 1455 (s), 1410 (s), 1400 (s), 1382 (w), 1361 (w), 1160 (m), 1104 (s), 882 (m), 847 (w), 762 (s), 685 (m) cm–1; 1H 

NMR (400 MHz, CDCl3) 7.65 (td, J = 4.6 Hz, 0.8 Hz, 2H, 4-H), 7.13 (d, J = 5.2 Hz, 4H, 3-H, 5-H), 7.11 (d, J = 1.6 Hz, 1H. 

10′-H), 6.85 (d, J = 2.4 Hz, 1H, 10-H), 5.55 (s, 1H, 1-H), 3.47 (sep, J = 6.7 Hz, 1H, 12′-H), 2.89 (sep, J = 6.9 Hz, 1H, 13-H), 
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1.46 (sep, J = 6.8 Hz, 1H, 12-H), 1.40 (d, J = 6.7 Hz, 6H, 14′-H), 1.26 (d, J = 6.9 Hz, 6H, 15-H), 0.43 (d, J = 6.8 Hz, 6H, 14-

H); 13C NMR (100 MHz, CDCl3) 153.0 (s, C-2), 148.8 (s, C-9), 147.93 (s), 147.88 (s), 138.8 (s, C-7), 133.8 (d, C-4), 130.2 (s, 

C-8), 128.7 (d, C-5), 123.1 (d, C-10), 122.6 (d, C-3), 120.9 (d, C-10′), 116.2 (s, C-6), 49.1 (d, C-1), 34.0 (d, C-13), 30.9 (d, C-

12′), 28.9 (d, C-12), 24.7 (q, C-14′), 23.9 (q, C-15), 23.3 (q, C-14); MS (EI, 70 eV) m/z 528 ([M+4]+, 41), 526 ([M+2]+, 81), 

524 (M+, 40), 447 (100), 445 (98); HRMS (EI, 70 eV) Calculated (C28H30Br2): 524.0714 (M+), Found: 524.0718. 

 

5-Bromo-9-(2,4,6-triisopropylphenyl)-9H-fluorene-4-carbaldehyde 4d 

 

Under nitrogen atmosphere, nBuLi (1.6 M in hexane, 5.95 mL, 9.51 mmol) was added to a solution of 3d (5.01 g, 9.51 mmol) 

in freshly dried THF (40 mL) at –78 °C. After stirred for 2 h at the temperature, anhydrous DMF (20 mL) was added to the 

reaction mixture. The reaction mixture was stirred for 5 min at –78 °C and was allowed to gradually warm to room temperature 

for 2 h. The reaction was quenched by the addition of aqueous HCl (1 M) at 0 °C. After the mixture was stirred for 30 min at 

0 °C, the products were extracted with chloroform. The organic layer was washed with water and dried over MgSO4. After 

filtration of the drying agent, the solvent was removed under vacuum. The residues were purified by column chromatography 

on silica gel with hexane and ethyl acetate (95:5) to give 4d as a colorless solid (3.56 g, 79%). 

Rf = 0.49 (hexane : EtOAc = 9:1); mp 167.0–168.0 °C; IR: (KBr)  = 3062 (w), 2957 (s), 2866 (m), 1692 (s), 1589 (w), 1573 

(w), 1456 (m), 1383 (m), 1362 (w), 1290 (w), 1230 (m), 1167 (w), 881 (w), 837 (w), 766 (m), 754 (m), 704 (w) cm–1; 1H NMR 

(400 MHz, CDCl3) 11.03 (s, 1H, 22-H), 7.85 (dd, J = 7.0 Hz, 1.4 Hz, 1H, 10-H), 7.61 (dd, J = 7.4 Hz, 1.8 Hz, 1H, 5-H), 7.42 

(t, J = 7.2 Hz, 1H, 11-H), 7.40–7.38 (m, 1H, 12-H), 7.22–7.20 (m, 1H, 3-H), 7.18 (t, J = 7.4 Hz, 1H, 4-H), 7.14 (d, J = 2.0 Hz, 

1H, 16′-H), 6.86 (d, J = 2.0 Hz, 1H, 16-H), 5.60 (s, 1H, 1-H), 3.51 (sep, J = 6.7 Hz, 1H, 18′-H), 2.89 (sep, J = 6.9 Hz, 1H, 19-

H), 1.43 (d, J = 6.7 Hz, 3H, 20′-H), 1.42 (d, J = 6.7 Hz, 3H, 20′-H), 1.38 (sep, J = 6.2 Hz, 1H, 18-H), 1.27 (d, J = 6.9 Hz, 6H, 

21-H), 0.44 (d, J = 6.2 Hz, 3H, 20-H), 0.42 (d, J = 6.2 Hz, 3H, 20-H); 13C NMR (100 MHz, CDCl3) 191.7 (d, C-22), 153.2 (s, 

C-2), 151.2 (s, C-13), 148.7 (s, C-15), 148.1 (s, C-17), 147.9 (s, C-15′), 139.3 (s, C-8), 138.7 (s, C-7), 132.63 (d, C-5), 132.56 

(s, C-9), 129.5 (s, C-14), 129.4 (d, C-3), 127.9 (d), 127.8 (d), 126.9 (d, C-10), 123.5 (d, C-4), 123.1 (d, C-16), 121.0 (d, C-16′), 

117.5 (s, C-6), 49.2 (d, C-1), 34.0 (d, C-19), 31.0 (d, C-18′), 28.8 (d, C-18), 24.8 (q, C-20′), 24.6 (q, C-20′), 23.9 (q, C-21), 

23.4 (q, C-20), 23.3 (q, C-20); MS (EI, 70 eV) m/z 476 ([M+2]+, 12), 474 (M+
, 12), 395 (100); HRMS (EI, 70 eV) Calculated 

(C29H31BrO): 474.1558 (M+), Found: 474.1565; Analysis C29H31BrO, Calculated: C, 73.26; H, 6.57; Br, 16.81; O, 3.36. Found: 

C, 72.95; H, 6.52. 
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9-(2,4,6-Triisopropylphenyl)-5-((trimethylsilyl)ethynyl)-9H-fluorene-4-carbaldehyde 5d 

 

Under nitrogen atmosphere, PdCl2(PPh3)2 (0.511 g, 0.728 mmol) was added to a mixture of 4d (3.41g, 7.18 mmol), CuI (1.49 

g, 7.45 mmol) and PPh3 (0.381 g, 1.45 mmol) in freshly dried THF (100 mL) and anhydrous Et3N (60 mL) at room temperature. 

The mixture was heated to 50 °C and stirred for 10 h at the temperature. The reaction was quenched by saturated aqueous 

NH4Cl at 0 °C and the products were extracted with chloroform. The organic layer was washed with water and dried over 

MgSO4. After filtration of the drying agent, the solvent was removed under vacuum. The residues were purified by column 

chromatography on silica gel with hexane and ethyl acetate (95:5) to give 5d as a colorless solid (3.33 g, 94%). 

Rf = 0.62 (hexane : EtOAc = 9:1), 0.06 (hexane); mp 165 0–165.1 °C; IR: (KBr)  = 3062 (w), 2960 (s), 2869 (m), 2146 (m), 

1690 (s), 1467 (m), 1386 (m), 1362 (w), 1296 (w), 1250 (m), 1235 (m), 862 (s), 846 (s), 759 (s) cm–1; 1H NMR (400 MHz, 

CDCl3) 11.38 (s, 1H, 22-H), 7.93–7.89 (m, 1H, 10-H), 7.61 (d, J = 7.2 Hz, 1H, 5-H), 7.41–7.37 (m, 2H, 11-H, 12-H), 7.28 (t, 

J = 7.6 Hz, 1H, 4-H), 7.23 (d. J = 7.2 Hz, 1H, 3-H), 7.13 (d, J = 2.0 Hz, 1H, 16′-H), 6.86 (d, J = 1.6 Hz, 1H, 16-H), 5.51 (s, 

1H, 1-H), 3.51 (sep, J = 6.9 Hz, 1H, 18′-H), 2.90 (sep, J = 6.9 Hz, 1H, 19-H), 1.42 (d, J = 6.9 Hz, 6H, 20′-H), 1.39 (sep, J = 

6.7 Hz, 1H, 18-H), 1.27 (d, J = 6.9 Hz, 6H, 21-H), 0.43 (d, J = 6.7 Hz, 6H, 20-H), 0.33 (s, 9H, 25-H); 13C NMR (100 MHz, 

CDCl3) 192.4 (d, C-22), 151.3 (s, C-2), 151.1 (s), 148.8 (s, C-15), 148.02 (s, C-15′), 147.94 (s, C-17), 140.3 (s), 139.0 (s, C-

7), 134.0 (d, C-5), 132.7 (s, C-9), 129.7 (s, C-14), 128.1 (d, C-12), 127.7 (d, C-4), 127.6 (d, C-11), 126.5 (d, C-10), 124.7 (d, 

C-3), 123.0 (d, C-16), 121.0 (d, C-16′), 119.1 (s, C-6), 105.2 (s, C-23), 99.3 (s, C-24), 48.5 (d, C-1), 34.0 (d, C-19), 31.0 (d, C-

18′), 28.8 (d, C-18), 24.72 (q, C-20′), 24.67 (q, C-20′), 24.0 (q, C-21), 23.5 (q, C-20), 23.4 (q, C-20), –0.49 (q, C-25); MS (EI, 

70 eV) m/z 492 (M+, 5), 477 (100), (CI, 70 eV) m/z 493 ([M+H]+, 100), 492 (M+, 3), HRMS (CI, 70 eV) Calculated (C34H41OSi): 

493.2927 ([M+H]+), Found: 493.2928. 

 

4-(2,4,6-Triisopropylphenyl)cyclohepta[def]fluoren-8(4H)-one 6d 
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Under nitrogen atmosphere, In(OTf)3 (1.88 g, 3.35 mmol) was added to a solution of 5d (1.65g, 3.35 mmol) in toluene (55 mL) 

at room temperature. The mixture was heated to 80 °C and stirred for 2 h at the temperature. The reaction was quenched by 

aqueous HCl (1 M) at 0 °C and the products were extracted with chloroform. The organic layer was washed with water and 

dried over MgSO4. After filtration of the drying agent, the solvent was removed under vacuum. The residues were purified by 

column chromatography on silica gel with hexane and ethyl acetate (95:5) to give 6d as a colorless solid (1.35 g, 96%). 

Rf = 0.32 (hexane : EtOAc = 9:1); mp 230.0–230.1 °C (Sublimation); IR (KBr)  = 3062 (w), 2958 (m), 2867 (w), 1625 (s), 

1590 (s), 1467 (w), 1411 (w), 1335 (w), 1215 (w), 855 (w), 770 (w), 736 (m) cm–1; 1H NMR (400 MHz, CDCl3) 8.48–8.43 (m, 

1H, 5-H), 7.62–7.54 (m, 4H), 7.49 (t, J = 7.4 Hz, 1H, 12-H), 7.44 (d, J = 7.6 Hz, 1H, 13-H), 7.17 (s, 1H, 19′-H), 6.97 (d, J = 

12.8 Hz, 1H, 8-H), 6.86 (s, 1H, 19-H), 5.69 (s, 1H, 1-H), 3.59 (sep, J = 6.8 Hz, 1H, 21′-H), 2.91 (sep, J = 6.8 Hz, 1H, 22-H), 

1.47 (d, J = 6.8 Hz, 6H, 23′-H), 1.33–1.24 (m, 7H, 24-H, 21-H), 0.365 (d, J = 6.8 Hz, 3H, 23-H), 0.358 (d, J = 6.8 Hz, 3H, 23-

H); 13C NMR (100 MHz, CDCl3) 187.4 (s, C-7), 150.7 (s), 150.2 (s), 148.9 (s, C-18), 148.0 (s, C-18′), 147.9 (s, C-20), 140.4 

(d, C-9), 139.4 (s, two signals were overlapped.), 133.5 (s), 133.3 (d, C-8), 131.4 (s, C-10), 129.7 (d, C-17), 129.6 (s), 128.4 

(d), 128.2 (d), 127.73 (d), 127.67 (d), 125.3 (d), 123.0 (d, C-19), 121.0 (d, C-19′), 48.4 (d, C-1), 34.0 (d, C-22), 31.0 (d, C-21′), 

28.8 (d, C-21), 24.74 (q, C-23′), 24.68 (q, C-23′), 23.9 (q, C-24), 23.40 (q, C-23), 23.36 (q, C-23); MS (EI, 70 eV) m/z 420 

(M+, 100); HRMS (EI, 70 eV) Calculated (C31H32O): 420.2453 (M+), Found: 420.2447. 

 

10-Mesityl-4-(2,4,6-triisopropylphenyl)cyclohepta[def]fluoren-8(4H)-one 8d 

 

The Grignard reagent was prepared by the reaction of magnesium turnings (0.385 g, 15.8 mmol) and 2-bromomesitylene (2.15 

mL, 14.3 mmol) in THF (15 mL) containing a small amount of 1,2-dibromoethane (0.1 mL) as the initiator. The mixture was 

refluxed for 1 h to give a solution of mesityl magnesium bromide in THF. Under nitrogen atmosphere, a solution of mesityl 

magnesium bromide in THF was added to a solution of 6d (1.20 g, 2.85 mmol) in THF (15 mL) at 0 °C and stirred for 3 h at 

the temperature. The reaction was quenched by aqueous HCl (1 M) at 0 °C and the products were extracted with chloroform. 

The organic layer was washed with water and dried over MgSO4. After filtration of the drying agent, the solvent was removed 

under vacuum. The residues were purified by column chromatography on silica gel with hexane and ethyl acetate (95:5) to give 

7d as colorless solids of diastereo mixture (isomer A/B = 5:4). After the confirmation of the products by 1H NMR measurement, 

the diastereo mixture was subsequently oxidized without further purification. To a mixture of 7d and 2,3-dichloro-5,6-dicyano-

p-benzoquinone (DDQ) (1.36 g, 6.00 mmol) in 1,4-dioxane (2 mL) was added p-toluenesulfonic acid monohydrate (0.540 g, 

2.84 mmol) at room temperature. The mixture was heated to 100 °C and stirred for 3 h at the temperature. After cooling to 

room temperature, the reaction was quenched by water and the products were extracted with chloroform. The organic layer 

was washed with water and dried over MgSO4. After filtration of the drying agent, the solvent was removed under vacuum. 

The residues were purified by column chromatography on silica gel with hexane and ethyl acetate (90:10) to give 8d as a 

colorless solid (1.10 g, 72% in two steps). 
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10-Mesityl-4-(2,4,6-triisopropylphenyl)-9,10-dihydrocyclohepta[def]fluoren-8(4H)-one 7d 

1H NMR (400 MHz, CDCl3); 8.00 (d, J = 7.6 Hz, 1H, isomer A), 7.93 (d, J = 7.6 Hz, 0.8H, isomer B), 7.47–7.44 (m, 1.8H), 

7.37–7.32 (m, 1.8H), 7.18–7.05 (m, 5.4H), 6.96 (s, 1.8H), 6.93 (s, 1H, isomer A), 6.90 (s, 0.8H, isomer B), 6.86 (dd, J = 8.4 

Hz, 2.0 Hz, 1.8H), 6.76 (d, J = 7.6 Hz, 0.8H, isomer B), 6.67–6.65 (m, 1H, isomer A), 5.69 (s, 1H, isomer A), 5.57 (s, 0.8H, 

isomer B) 5.09 (d, J = 11.2 Hz, 0.8H, isomer B), 5.02 (d, J = 12.4 Hz, 1H, isomer A), 3.98 (t, J = 12.6 Hz, 1H, isomer A), 3.76 

(t, J = 12.0 Hz, 0.8H, isomer B), 3.64–3.55 (m, 1.8H), 3.15 (dd, J = 12.6 Hz, 1.8 Hz, 0.8H, isomer B), 3.04 (dd, J = 12.4 Hz, 

0.8 Hz, 1H, isomer A), 2.94–2.86 (m, 1.8H), 2.37–2.32 (m, 10.8H), 2.09 (s, 3H, isomer A),1.99 (s, 2.4H, isomer B), 1.88–1.76 

(m, 0.8H, isomer B), 1.47–1.42 (m, 10.8H), 1.29–1.18 (m, 11.8H), 0.50–0.32 (m, 10.8H). 

 

10-Mesityl-4-(2,4,6-triisopropylphenyl)cyclohepta[def]fluoren-8(4H)-one 8d 

Rf = 0.47 (hexane : EtOAc = 9:1); mp 285.0–285.1 °C; IR (KBr)  = 3052 (w), 2958 (m), 2922 (w), 1616 (s), 1589 (s), 1461 

(w), 1361 (m), 1330 (m), 738 (m) cm–1; 1H NMR: (400 MHz, CDCl3) 8.50–8.48 (m, 1H, 5-H), 7.66–7.61 (m, 2H, 3-H, 4-H), 

7.41 (d, J = 7.2 Hz, 1H, 13-H), 7.31 (t, J = 7.8 Hz, 1H, 12-H), 7.17 (d, J = 1.6 Hz, 1H, 19′-H), 7.09 (d, J = 7.6 Hz, 1H, 11-H), 

7.00 (s, 2H, 27-H, 27′-H), 6.96 (s, 1H, 8-H), 6.86 (d, J = 1.6 Hz, 1H, 19-H), 5.76 (s, 1H, 1-H), 3.62 (sep, J = 6.8 Hz, 1H, 21′-

H), 2.91 (sep, J = 6.8 Hz, 1H, 22-H), 2.39 (s, 3H, 30-H), 2.09 (s, 3H, 29′-H), 2.07 (s, 3H, 29-H), 1.48 (d, J = 6.8 Hz, 3H, 23′-

H), 1.47 (d, J = 6.8 Hz, 3H, 23′-H), 1.40 (sep, J = 6.9 Hz, 1H, 21-H), 1.28 (d, J = 6.8 Hz, 6H, 24-H), 0.41 (d, J = 6.9 Hz, 3H, 

23-H), 0.33 (d, J = 6.9 Hz, 3H, 23-H); 13C NMR (100 MHz, CDCl3) 187.5 (s, C-7), 150.74 (s), 150.65 (s), 150.6 (s), 148.8 (s, 

C-18), 148.01 (s, C-20), 147.90 (s, C-18′), 139.8 (s, C-16), 139.3 (s, C-15), 138.6 (s, C-25), 137.1 (s, C-28), 135.2 (s), 135.1 

(s), 135.0 (d, C-8), 133.4 (s, C-6), 131.8 (s, C-10), 129.9 (s, C-17), 128.5 (d), 128.4 (d), 128.33 (d), 128.25 (d, C-12), 128.1 (d, 

C-11), 127.8 (d, C-3), 127.4 (d, C-5), 125.5 (d, C-13), 123.0 (d, C-19), 121.0 (d, C-19′), 48.2 (d, C-1), 34.0 (d, C-22), 31.0 (d, 

C-21′), 28.8 (d, C-21), 24.75 (q, C-23′), 24.70 (q, C-23′), 23.9 (q, C-24), 23.4 (q, C-23), 23.2 (q, C-23), 21.1 (d, C-30), 19.9 

(d), 19.8 (d); MS (EI, 70 eV) m/z 538 (M+, 100), 521(9); HRMS (EI, 70 eV) Calculated (C40H42O): 538.3236 (M+), Found: 

538.3244. 

 

8,10-Dimesityl-4-(2,4,6-triisopropylphenyl)-4,8-dihydrocyclohepta[def]fluoren-8-ylium 

tetrafluoroborate 2d‧BF4 

 

The Grignard reagent was prepared by the reaction of magnesium turnings (0.305 g, 12.5 mmol) and 2-bromomesitylene (1.50 

mL, 10.21 mol) in THF (20 mL) containing a small amount of 1,2-dibromoethane (0.1 mL) as the initiator. The mixture was 

refluxed for 1 h to give a solution of mesityl magnesium bromide in THF. Under nitrogen atmosphere, a solution of mesityl 

magnesium bromide in THF was added to a solution of 8d (1.10 g, 2.04 mmol) in THF (20 mL) at 0 °C and stirred for 3 h at 

60 °C. The reaction was quenched by saturated aqueous NH4Cl at 0 °C and the products were extracted with ethyl acetate. The 
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organic layer was washed with water and dried over Na2SO4. After filtration of the drying agent, the solvent was removed 

under vacuum. The residues were purified by column chromatography on alumina with hexane and ethyl acetate (95:5) to give 

9d as a pale yellow solid of diastereo mixture. After the confirmation of the products by 1H NMR measurement, the products 

were subsequently treated by acid without further purification. A procedure from the literature51 was modified as follows: To a 

solution of 9d in diethyl ether (30 mL) was added HBF4‧Et2O (0.26 mL, 1.89 mmol). The reaction mixture was stirred at 0 °C 

for 2 h and allowed to warm to room temperature. After the reaction, the solvent was removed under vacuum and the residues 

were washed by dried hexane several times, to give 2d‧BF4 (1.15 g, 77% in two steps). 

 

8,10-Dimesityl-4-(2,4,6-triisopropylphenyl)-4,8-dihydrocyclohepta[def]fluoren-8-ol 9d 

1H NMR (400 MHz, CDCl3) 7.24–7.16 (m, 3H), 7.14 (s, 1H), 7.12–7.08 (m, 1H), 7.05–7.03 (m, 1H), 6.96 (s, 1H), 6.90–6.80 

(m, 5H), 6.12–6.11 (m, 1H), 5.66 (s, 1H), 3.71–3.61 (m, 1H), 2.96–2.85 (m, 1H), 2.69 (s, 3H), 2.33–2.27 (m, 9H), 2.04–1.99 

(m, 3H), 1.92 (s, 3H), 1.75–1.65 (m, 1H), 1.54–1.45 (m, 6H), 1.29–1.27 (m, 6H), 0.48–0.39 (m, 6H). 

 

8,10-Dimesityl-4-(2,4,6-triisopropylphenyl)-4,8-dihydrocyclohepta[def]fluoren-8-ylium 

tetrafluoroborate 2d‧BF4 

mp >300 °C; IR (KBr)  = 3006 (w), 2963 (m), 2926 (w), 2869 (w), 1609 (m), 1554 (m), 1489 (m), 1458 (s), 1406 (s), 1086 

(s), 1057 (s) cm–1; 1H NMR (400 MHz, CDCl3) 8.50 (s, 1H, 8-H), 8.44 (d, J = 7.2 Hz, 2H, 3-H), 8.31 (t, J = 7.8 Hz, 2H, 4-H), 

8.21 (d, J = 8.4 Hz, 2H, 5-H), 7.29 (d, J = 1.6 Hz, 1H, 12′-H), 7.14 (s, 2H, 20′-H), 7.12 (s, 2H, 20-H), 6.86 (d, J = 1.6 Hz, 1H, 

12-H), 6.43 (s, 1H, 1-H), 3.73 (sep, J = 7.2 Hz, 1H, 14′-H), 2.94 (sep, J = 6.8 Hz, 1H, 15-H), 2.44 (s, 6H, 23-H), 2.00 (s, 6H, 

22′-H), 1.90 (s, 6H, 22-H), 1.55 (d, J = 7.2 Hz, 6H, 16′-H), 1.30 (d, J =6.8 Hz, 6H, 17-H), 0.91 (sep, J = 6.8 Hz, 1H, 14-H), 

0.24 (d, J = 6.8 Hz, 6H, 16-H); 13C NMR (100 MHz, CDCl3) 178.4 (s, C-7), 154.2 (s, C-2), 149.4 (s, C-13), 149.1 (s, C-11′), 

148.0 (s, C-11), 147.0 (s, C-9), 140.4 (s, C-21), 140.2 (d, C-8), 137.7 (s, C-18), 136.5 (s, C-6), 134.4 (s, C-19′), 134.2 (d, C-4), 

134.0 (d, C-3), 133.6 (s, C-19), 131.9 (d, C-5), 129.4 (d, C-20′), 129.0 (d, C-20), 126.9 (s, C-10), 123.1 (d, C-12), 122.2 (d, C-

12′), 48.5 (d, C-1), 34.1 (d, C-15), 31.3 (d, C-14′), 29.6 (d, C-14), 24.8 (q, C-16′), 23.9 (q, C-17), 23.3 (q, C-16), 21.2 (q, C-

23), 20.4 (q, C-22′), 20.0 (q, C-22); 11B{1H} NMR (127 MHz, CDCl3, BF3‧Et2O in CDCl3 as an external standard) –1.44 ppm; 

19F NMR (372 MHz, CDCl3, BF3‧Et2O in CDCl3 as an external standard); –154.07 ppm; MS (EI, 70 eV) m/z 641 (M+, 100), 

313 (16); HRMS (EI, 70 eV), Calculated (C49H53
+): 641.4142 (M+), Found: 641.4139. 

 

8,10-Dimesityl-4-(2,4,6-triisopropylphenyl)cyclohepta[def]fluorene 1d 

 

In a nitrogen-filled glove box, LiH (7.0 mg, 0.88 mmol) was added to a solution of 2d‧BF4 in freshly dried THF (12 mL). The 

mixture was stirred at room temperature for 5 h. After insoluble materials were removed by filtration, the solvent was removed 

under vacuum. The residues were dissolved in hexane and insoluble materials were removed by filtration. The filtrate was 
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evaporated to give 1d as dark blown solid (80.2 mg, 91%). The recrystallization of 1d from a dichloromethane–hexane solution 

in a glove box afforded a single crystal suitable for the X-ray crystallographic analysis.  

mp 180.2–182.0 °C; IR (KBr)  = 3058 (w), 2963 (s), 2921 (s), 2869 (m), 1607 (s), 1461 (m), 1426 (m), 1379 (m), 1361 (w), 

850 (w), 795 (w), 719 (w) cm–1; MS (EI+, 70 eV) m/z 640 (M+, 100); HRMS (EI+, 70 eV), Calculated (C49H52): 640.4069 (M+), 

Found: 640.4061 (M+). 

 

Over-reduction of 1d to radical anion 1d•‒ 

 

 

In a nitrogen-filled glove box, NaH (20 mg, 1.04 mmol) was added to a solution of 2d‧BF4 (50.12 mg, 0.069 mmol) in freshly 

dried THF (5 mL). The mixture was stirred at room temperature for 15 h. After insoluble materials were removed by filtration, 

the solvent was removed under vacuum. The residues were dissolved in acetonitrile and insoluble materials were removed by 

filtration. The solvent was removed under vacuum and the residues were dissolved in THF (0.8 mL). After filtration, the filtrate 

was layered with hexane (3.2 mL) and placed at –45 °C. The recrystallization of the mixture from a tetrahydrofuran–hexane 

solution in a glove box afforded a blue single crystal of Na‧1d•‒ suitable for the X-ray crystallographic analysis. 

 

4,5-dibromo-9-(2,6-dichlorophenyl)-9H-fluorene 3e 

 

The Grignard reagent was prepared by the reaction of 1.3 M isopropyl magnesium chloride lithium chloride complex solution 

in THF (10.2 mL, 13.3 mmol) with 1-bromo-2,6-dichlorobenzene (2.99 g, 13.3 mmol) in THF (5 mL) at 0 °C. The mixture 

was stirred at 0 °C for 2 h to give a solution of the desired Grignard reagent in THF. A solid of S1 (2.99 g, 8.84 mmol) was 

added to a solution of the Grignard reagent in THF at 0 °C and the mixture was stirred for 6 h at room temperature. The reaction 

was quenched by saturated aqueous NH4Cl at 0 °C and the product were extracted with chloroform. The organic layer was 

washed with water and dried over MgSO4. After filtration of the drying agent and the solvent was removed under vacuum, the 

mixture was subsequently reduced without further purification. To the mixture of S2 and trifluoroacetic acid (1.02 mL, 13.3 
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mmol) in chloroform (10 mL) was added triethylsilane (1.44 mL, 13.3 mmol) at 0 °C. The mixture was stirred for 10 h at room 

temperature. The reaction was quenched by water and the products were extracted with chloroform. The organic layer was 

washed with water and dried over MgSO4. After filtlation of the drying agent, the solvent was removed under vacuum. The 

residues were purified by column chromatography on silica gel with hexane to give 3e (2.58 g, 62% in two steps).  

Rf = 0.56 (hexane : EtOAc = 9:1); mp 128.2–128.5 °C; IR (KBr)  = 3052 (w), 2895 (w), 1560 (w), 1434 (s), 1400 (m), 1157 

(m), 1107 (m), 837 (s), 759 (s), 722 (s) cm–1; 1H NMR: (400 MHz, CDCl3) 7.69–7.67 (m, 2H, 5-H), 7.50 (dd, J = 8.0 Hz, 1.2 

Hz, 1H), 7.26–7.11 (m, 6H), 6.02 (s, 1H, 1-H); 13C NMR (100 MHz, CDCl3) 148.7 (s), 140.2 (s, C-7), 137.2 (s), 135.8 (s), 

135.6 (s), 134.4 (d, C-5), 130.0 (d), 129.2 (d), 128.8 (d, C-4), 128.1 (d), 122.2 (d, C-3), 116.2 (s, C-6), 51.0 (d, C-1); MS (EI, 

70 eV) m/z 474 ([M+8]+, 1), 472 ([M+6]+, 8), 470 ([M+4]+, 22), 468 ([M+2]+, 24), 466 (M+, 9), 391 (45), 389 (100), 387 (61); 

HRMS (EI, 70 eV) Calculated (C19H10Br2Cl2): 465.8526 (M+), Found: 465.8527. 

 

5-Bromo-9-(2,6-dichlorophenyl)-9H-fluorene-4-carbaldehyde 4e 

 

Under nitrogen atmosphere, nBuLi (1.6 M in hexane, 3.4 mL, 5.42 mmol) was added to a solution of 3e (2.40 g, 5.42 mmol) in 

freshly dried THF (25 mL) at –78 °C. After stirred for 2 h at the temperature, anhydrous DMF (10 mL) was added to the 

reaction mixture. The reaction mixture was stirred for 5 min at –78 °C and was allowed to gradually warm to room temperature 

for 3 h. The reaction was quenched by saturated aqueous NH4Cl at 0 °C. After the mixture was stirred for 30 min at 0 °C, the 

products were extracted with chloroform. The organic layer was washed with water and dried over MgSO4. After filtration of 

the drying agent, the solvent was removed under vacuum. The residues were purified by column chromatography on silica gel 

with hexane and ethyl acetate (95:5) to give 4e as a colorless solid (1.20 g, 56%).  

Rf = 0.33 (hexane EtOAc = 9:1); mp 189.0–190.0 °C; IR (KBr)  = 3068 (w), 2869 (w), 1686 (s), 1576 (m), 1557 (m), 1434 

(s), 1384 (m), 1234 (m), 1180 (m), 1088 (m), 845 (m), 775 (s), 764 (s), 719 (m) cm–1; 1H NMR (400 MHz, CDCl3) 10.99 (s, 

1H, 18-H), 7.87 (d, J = 7.6 Hz, 1H, 10-H), 7.66–7.61 (m, 1H), 7.53 (dd, J = 8.4 Hz, 1.2 Hz, 1H), 7.44 (t, J = 7.6 Hz, 1H, 11-

H), 7.39–7.36 (m, 1H, 12-H), 7.24–7.20 (m, 3H), 7.13 (dd, J = 8.0 Hz, 1.2 Hz, 1H), 6.06 (s, 1H, 1-H); 13C NMR (100 MHz, 

CDCl3) 191.6 (d, C-18), 149.0 (s), 146.7 (s, C-13), 140.8 (s, C-8), 140.0 (s), 137.3 (s), 135.6 (s), 135.0 (s), 133.3 (d), 132.4 (s, 

C-9), 130.0 (d), 129.5 (d), 129.4 (d), 128.25 (d), 128.16 (d, C-11), 127.5 (d, C-10, C-12, two signals were overlapped.), 123.1 

(d), 117.6 (s), 51.0 (d, C-1); MS (EI, 70 eV) m/z 420 ([M+4]+, 1), 418 ([M+2]+, 3), 416 (M+
, 2), 339 (68), 337 (100); HRMS: 

(EI, 70 eV) Calculated (C20H11BrCl2O) 415.9370 (M+): Found: 415.9372. 
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9-(2,6-Dichlorophenyl)-5-((trimethylsilyl)ethynyl)-9H-fluorene-4-carbaldehyde 5e 

 

Under nitrogen atmosphere, PdCl2(PPh3)2 (0.195 g, 0.278 mmol) was added to a mixture of 4e (1.16 g, 2.78 mmol), CuI (0.320 

g, 1.67 mmol) and PPh3 (0.150 g, 0.56 mmol) in freshly dried THF (40 mL) and anhydrous Et3N (20 mL) at room temperature. 

The mixture was heated to 50 °C and stirred for 10 h at the temperature. The reaction was quenched by saturated aqueous 

NH4Cl at 0 °C and the products were extracted with chloroform. The organic layer was washed with water and dried over 

MgSO4. After filtration of the drying agent, the solvent was removed under vacuum. The residues were purified by column 

chromatography on silica gel with hexane and ethyl acetate (95:5) to give 5e as a colorless solid (0.914 g, 76%).  

Rf = 0.47 (hexane : EtOAc = 9:1); mp 149.0–150.0 °C; IR (KBr)  = 3058 (w), 2952 (w), 2885 (w), 2145 (m), 1685 (s), 1434 

(m), 1388 (m), 1247 (m), 1232 (m), 991 (m), 862 (s), 843 (s), 763 (s), 724 (m), 655 (m) cm–1; 1H NMR (400 MHz, CDCl3) 

11.32 (s, 1H, 18-H), 7.94 (dd, J = 7.4 Hz, 1.4 Hz, 1H, 10-H), 7.64–7.61 (m, 1H, 5-H), 7.52 (dd, J = 8.0 Hz, 1.2 Hz, 1H, 16′-H), 

7.44–7.40 (m, 1H, 11-H), 7.39–7.37 (m, 1H, 12-H), 7.30 (t, J = 7.4 Hz, 1H, 4-H), 7.24–7.19 (m, 2H, 3-H, 17-H), 7.12 (dd, J = 

8.0 Hz, 1.6 Hz, 1H, 16-H), 5.99 (s, 1H, 1-H), 0,32 (s, 9H, 21-H); 13C NMR (100 MHz, CDCl3) 192.0 (d, C-18), 147.0 (s, C-2), 

146.8 (s, C-13), 141.7 (s, C-8), 140.4 (s, C-7), 137.4 (s, C-15′), 135.6 (s, C-15), 135.2 (s, C-14), 134.4 (d, C-5), 132.6 (s, C-9), 

130.0 (d, C-16), 129.2 (d, C-17), 128.2 (d, C-16′), 127.9 (d, C-4), 127.8 (d, C-11), 127.7 (d, C-12), 127.0 (d, C-10), 124.3 (d, 

C-3), 119.1 (s, C-6), 104.9 (s, C-19), 99.4 (s. C-20), 50.4 (d, C-1), –0.52 (q, C-21); MS (EI, 70 eV) m/z 436 ([M+2]+, 3), 434 

(M+, 5), 421 (83), 419 (100); HRMS (EI, 70 eV) Calculated (C25H20Cl2OSi): 434.0660 (M+), Found: 434.0656. 

 

4-(2,6-Dichlorophenyl)cyclohepta[def]fluoren-8(4H)-one 6e 

 

Under nitrogen atmosphere, In(OTf)3 (1.14 g, 2.03 mmol) was added to a solution of 5e (0.88 g, 2.03 mmol) in toluene (35 

mL) at room temperature. The mixture was heated to 80 °C and stirred for 4 h at the temperature. The reaction was quenched 

by aqueous HCl (1 M) at 0 °C and the products were extracted with chloroform. The organic layer was washed with water and 

dried over MgSO4. After filtration of the drying agent, the solvent was removed under vacuum. The residues were purified by 

column chromatography on silica gel with hexane and ethyl acetate (95:5) to give 6e as a colorless solid (0.65 g, 88%).  

Rf = 0.22 (hexane : EtOAc = 9:1); mp 205.0–206.0 °C; IR (KBr)  = 3062 (w), 3021 (w), 2895 (w), 1624 (s), 1586 (s), 1435 
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(m), 1335 (m), 849 (m), 764 (m), 737 (s) cm–1; 1H NMR (400 MHz, CDCl3) 8.48 (d, J = 7.2 Hz, 1H, 5-H), 7.65–7.50 (m, 6H), 

7.44 (d, J = 7.2 Hz, 1H, 13-H), 7.23 (t, J = 8.0 Hz, 1H, 20-H), 7.12 (d, J = 8.0 Hz, 1H, 19-H), 6.96 (d, J = 12.8 Hz, 1H, 8-H), 

6.17 (s, 1H, 1-H); 13C NMR (100 MHz, CDCl3) 187.3 (s, C-7), 146.5 (s), 145.9 (s), 140.75 (s), 140.66 (s), 140.3 (d), 137.4 (s, 

C-18′), 135.6 (s, C-18), 135.2 (s, C-17), 133.4 (s), 133.3 (d, C-8), 131.3 (s), 130.2 (d), 129.9 (d, C-19), 129.2 (d, C-20), 128.6 

(d), 128.4 (d), 128.3 (d, two signals were overlapped.), 127.5 (d), 125.0 (d, C-13), 50.2 (d, C-1); MS (EI, 70 eV) m/z 366 

([M+4]+, 12), 364 ([M+2]+, 67), 362 (M+, 100); HRMS (EI, 70 eV) Calculated (C22H12Cl2O): 362.0265 (M+), Found: 362.0263. 

 

10-Mesityl-4-(2,6-dichlorophenyl)cyclohepta[def]fluoren-8(4H)-one 8e 

 

The Grignard reagent was prepared by the reaction of magnesium turnings (0.243 g, 10 mmol) and 2-bromomesitylene (1.27 

mL, 8.46 mmol) in THF (10 mL) containing a small amount of 1,2-dibromoethane (0.1 mL) as the initiator. The mixture was 

refluxed for 1 h to give a solution of mesityl magnesium bromide in THF. Under nitrogen atmosphere, a solution of mesityl 

magnesium bromide in THF was added to a solution of 6e (0.615 g, 1.69 mmol) in THF (10 mL) at 0 °C and stirred for 2 h at 

the temperature. The reaction was quenched by aqueous HCl (1 M) at 0 °C and the products were extracted with chloroform. 

The organic layer was washed with water and dried over MgSO4. After filtration of the drying agent, the solvent was removed 

under vacuum. The residues were purified by column chromatography on silica gel with hexane and ethyl acetate (95:5) to give 

7e as colorless solids of diastereo mixture (isomer A/B = 1:1). After the confirmation of the products by 1H NMR measurement, 

the diastereo mixture was subsequently oxidized without further purification. To a mixture of 7e and 2,3-dichloro-5,6-dicyano-

p-benzoquinone (DDQ) (0.768 g, 3.38 mmol) in 1,4-dioxane (10 mL) was added p-toluenesulfonic acid monohydrate (0.320 

g, 1.69 mmol) at room temperature. The mixture was heated to 100 °C and stirred for 10 h at the temperature. After cooling to 

room temperature, the reaction was quenched by water and the products were extracted with chloroform. The organic layer 

was washed with water and dried over MgSO4. After filtration of the drying agent, the solvent was removed under vacuum. 

The residues were purified by column chromatography on silica gel with hexane and ethyl acetate (90:10) to give 8e (0.548 g, 

67% in two steps). 

 

10-Mesityl-4-(2,6-dichlororphenyl)-9,10-dihydrocyclohepta[def]fluoren-8(4H)-one 7e 

1H NMR (400 MHz, CDCl3) 8.00 (t, J = 8.0 Hz, 2H), 7.55–7.52 (m , 2H), 7.48–7.46 (m, 1H), 7.43–7.35 (m, 3H), 7.23–7.10 

(m, 7H), 6.95 (s, 2H), 6.92 (s, 2H), 6.81–6.71 (m, 3H), 6.14 (s, 1H), 6.02 (s, 1H), 5.02 (d, J = 12.0 Hz, 1H), 5.01 (d, J = 12.4 

Hz, 1H), 3.96 (t, J = 12.6 Hz, 1H), 3.83 (t, J = 12.4 Hz, 1H), 3.07 (d, J = 12.4 Hz, 1H), 3.02 (d, J = 12.4 Hz, 1H), 2.34–2.33 

(m, 12H), 2.21 (s, 6H). 
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10-Mesityl-4-(2,6-dichlororphenyl)cyclohepta[def]fluoren-8(4H)-one 8e 

Rf = 0.36 (hexane : EtOAc = 9:1); mp 177.0–178.0 °C; IR (KBr)  = 3068 (w), 2974 (w), 2916 (w), 2858 (w), 1615 (s), 1589 

(s), 1559 (m), 1433 (s), 1331 (s), 851 (m), 788 (m), 768 (m), 739 (s) cm–1; 1H NMR (400 MHz, CDCl3) 8.52–8.50 (m, 1H, 5-

H), 7.65 (t, J = 7.2 Hz, 1H, 4-H), 7.63–7.61 (m, 1H, 3-H), 7.56 (dd, J = 8.2 Hz, 1.4 Hz, 1H, 19′-H), 7.42–7.40 (m, 1H, 13-H), 

7.33 (t, J = 7.6 Hz, 1H, 12-H), 7.23 (t, J = 8.0 Hz, 1H, 20-H), 7.15–7.10 (m, 2H, 11-H, 19-H), 7.00 (s, 2H, 23-H, 23′-H), 6.94 

(s, 1H, 8-H), 6.23 (s, 1H, 1-H), 2.38 (s, 3H, 26-H), 2.08 (s, 3H, 25′-H), 2.06 (s, 3H, 25-H); 13C NMR (100 MHz, CDCl3) 187.2 

(s, C-7), 150.5 (s, C-9), 146.5 (s, C-2), 146.4 (s, C-14), 141.1 (s, C-16), 140.7 (s, C-15), 138.5 (s, C-21), 137.4 (s, C-18′), 137.2 

(s, C-24), 135.7 (s, C-18), 135.4 (s, C-17), 135.25 (s), 135.15 (s), 135.11 (d, C-8), 133.3 (s, C-6), 131.7 (s, C-10), 130.0 (d, C-

19), 129.2 (d, C-20), 128.6 (d, C-3, C-11, two signals were overlapped.), 128.44 (d, C-12), 128.36 (d, C-23, C-23′, two signals 

were overlapped.), 128.3 (d, C-19′), 128.0 (d, C-5), 127.6 (d, C-4), 125.0 (d, C-13), 50.1 (d, C-1), 21.1 (q, C-26), 19.94 (q), 

19.93 (q); MS (EI, 70 eV) m/z 484 ([M+4]+, 15), 482 ([M+2]+, 72), 480 (M+, 100), 465 (14); HRMS (EI, 70 eV) Calculated 

(C31H22Cl2O) 480.1048 (M+), Found: 480.1045. 

 

8,10-Dimesityl-4-(2,6-dichlorophenyl)-4,8-dihydrocyclohepta[def]fluoren-8-ylium tetrafluoroborate 

2e‧BF4 

 

The Grignard reagent was prepared by the reaction of magnesium turnings (0.150 g, 6.17 mmol) and 2-bromomesitylene (0.77 

mL, 5.16 mol) in THF (5 mL) containing a small amount of 1,2-dibromoethane (0.1 mL) as the initiator. The mixture was 

refluxed for 1 h to give a solution of mesityl magnesium bromide in THF. Under nitrogen atmosphere, a solution of mesityl 

magnesium bromide in THF was added to a solution of 8e (0.497 g, 1.03 mmol) in THF (10 mL) at 0 °C and stirred for 3 h at 

60 °C. The reaction was quenched by saturated aqueous NH4Cl at 0 °C and the products were extracted with ethyl acetate. The 

organic layer was washed with water and dried over Na2SO4. After filtration of the drying agent, the solvent was removed 

under vacuum, the mixture including 9e was subsequently treated by acid without further purification. A procedure from the 

literature51 was modified as follows: To a mixture of 9e in diethyl ether (20 mL) was added HBF4‧Et2O (0.15 mL, 1.10 mmol). 

The reaction mixture was stirred at 0 °C for 2 h and allowed to warm to room temperature. After the reaction, the solvent was 

removed under vacuum and the residues were washed by dried hexane several times, to give 2e∙BF4 (0.554 g, 80% in two 

steps).  

mp >300 °C; IR (KBr)  = 3068 (w), 2922 (w), 1608 (m), 1554 (m), 1491 (s), 1460 (s), 1435 (m), 1406 (s), 1084 (s), 1062 (s), 

848 (m) cm–1; 1H NMR (400 MHz, CDCl3) 8.50 (s, 1H, 8-H), 8.47 (d, J = 7.2 Hz, 2H, 3-H), 8.38 (t, J = 7.8 Hz, 2H, 4-H), 8.23 

(d, J = 8.4 Hz, 2H, 5-H), 7.71 (d, J = 8.0 Hz, 1H, 12′-H), 7.40 (t, J = 8.2 Hz, 1H, 13-H), 7.20 (d, J = 8.0 Hz, 1H, 12-H), 7.13 

(s, 4H, 16-H, 16′-H), 6.86 (s, 1H, 1-H), 2.44 (s, 6H, 19-H), 1.95 (s, 6H, 18′-H), 1.94 (s, 6H, 18-H); 13C NMR (100 MHz, CDCl3) 

178.5 (s, C-7), 149.8 (s, C-2), 147.9 (s, C-9), 140.5 (s, C-17), 140.3 (d, C-8), 137.9 (s, C-11′), 137.6 (s, C-14), 136.4 (s, C-6), 

134.9 (s, C-11), 134.6 (d, C-4), 134.2 (s, C-15′), 134.0 (d, C-3), 133.7 (s ,C-15), 132.4 (s, C-10), 132.3 (d, C-5), 130.8 (d ,C-
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13), 130.2 (d, C-12), 129.3 (d), 129.1 (d, two signals were overlapped.), 50.0 (d, C-1), 21.1 (q, C-19), 20.3 (q), 20.2 (q); 11B{1H} 

NMR (127 MHz, CDCl3, BF3‧Et2O in CDCl3 as an external standard) –1.25 ppm; 19F NMR (372 MHz, CDCl3, BF3‧Et2O in 

CDCl3 as an external standard) –154.38 ppm; MS (EI, 70 eV) m/z 587 ([M+4]+, 16), 585 ([M+2]+, 71), 583 (M+, 100) ; HRMS 

(EI, 70 eV) Calculated (C40H33Cl2
+): 583.1954 (M+). Found: 583.1957. 

 

8,10-Dimesityl-4-(2,6-dichlorophenyl)cyclohepta[def]fluorene 1e 

 

In a nitrogen-filled glove box, LiH (94.3 mg, 11.9 mmol) was added to a solution of 2e∙BF4 (0.101 g, 0.14 mmol) in freshly 

dried THF (12 mL). The mixture was stirred at room temperature for 5 h. After insoluble materials were removed by filtration, 

the solvent was removed under vacuum. The residues were dissolved in hexane and insoluble materials were removed by 

filtration. The filtrate was evaporated to give 1e (65.9 mg, 75%). The recrystallization of 1e from a tetrahydrofuran–hexane 

solution in a glove box afforded a single crystal suitable for the X-ray crystallographic analysis. 

mp 269.0–270.0 °C; IR (KBr)  = 3062 (w), 2916 (w), 1634 (w), 1609 (m), 1539 (m), 1434 (m), 1298 (w), 1066 (s), 918 (m), 

839 (w), 800 (m), 762 (s), 726 (w), 604 (w), 541 (m), 462 (m) cm–1; MS (EI+, 70 eV) m/z 586 ([M+4]+, 31), 584 ([M+2]+, 95), 

582 (M+, 100); HRMS (EI+, 70 eV) Calculated (C40H32Cl2): 582.1881 (M+), Found: 582.1894 (M+). 

 

Supporting Information 

Examinations of intramolecular cyclization catalyzed by Lewis acids 

 

Under nitrogen atmosphere, Lewis acid was added to a solution of S267 (0.14 g, 0.5 mmol) in toluene (1 mL) at room 

temperature. The mixture was heated to 80 °C and stirred for 24 h at the temperature. The reaction was quenched by aqueous 

HCl (1 M) at 0 °C and the products were extracted with chloroform. The organic layer was washed with water and dried over 

MgSO4. After filtration of the drying agent, the solvent was removed under vacuum. The residues were purified by column 

chromatography on silica gel with hexane and ethyl acetate (95:5) to give S367 as a colorless solid. 
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Table S1. Summary for intramolecular cyclization of S2 catalyzed by Lewis acids. 

entry Lewis acid X / mol% yield of S3 / % 

1 AlCl3 10 0 

2 InCl3 10 29 

3 InBr3 10 33 

4 InI3 10 2 

5 In(OTf)3 10 49 

6 In(OTf)3 30 85 

 

 

Figure S1. Cyclic voltammograms of 1c‒e (V vs. Fc/Fc+, in 0.1M nBu4NClO4/THF, scan rate = 100 mV/s, 

room temperature). 

 

Table S2. Summary for the redox potentials for 1c‒e. 

compound E2
ox, pa / V E1

ox / V E1
red / V E2

red, pc / V redoxE1 / V 

1c +0.76 –0.17 –1.31 –2.04 1.14 

1d +0.72 –0.15 –1.29 –2.02 1.14 

1e +0.91 –0.03 –1.18 –2.01 1.15 
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One-electron oxidation of 1c with AgSbF6 

 

In a nitrogen-filled glove box, AgSbF6 (19.4 mg, 0.056 mmol) was added to a solution of 1c (26.2 mg, 0.047 mmol) in freshly 

dried THF (4 mL). The mixture was stirred at room temperature for 5 h. After insoluble materials were removed by filtration, 

the solvent was removed under vacuum. The residues were dissolved in dichloromethane and insoluble materials were removed 

by filtration. The filtrate was evaporated to give radical cation 1c•+∙SbF6 as black solid (32.8 mg, 88%). The recrystallization 

of radical cation of 1c•+∙SbF6 from a dichloromethane–hexane solution in a glove box afforded a single crystal suitable for the 

X-ray crystallographic analysis. 

mp 205.0–206.0 °C; IR: (KBr)  = 3021 (w), 2922 (w), 2858 (w), 1655 (w), 1609 (w), 1542 (m), 1473 (w), 1451 (m), 1423 

(w), 1400 (m), 1031 (w), 853 (w), 659 (s) cm–1; MS (EI+, 70 eV) m/z 556 (M+, 93), 541 (8); HRMS: (EI+, 70 eV) Calculated 

(C43H40
・+) 556.3125 (M+), Found: 556.3140 (M+). 

 

 

Figure S2. ESR spectrum of a CH2Cl2 solution of 1c•+∙SbF6 at 295 K. 9.59252 GHz, g-value = 2.00260, Gain 

= 22500, sweep time = 3.4 min, modulation amplitude = 0.01 mT. 
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(A)  (B)  

Figure S3. (A) Summary for hyper-fine coupling constants (ǀAHǀ /mT) for 1c•+∙SbF6. The values in the 

parentheses were calculated by the UB3LYP/ESR-II//UB3LYP-D3(BJ)/6-311G* method. (B) Spin density 

map (the contour level of 0.001 / Å3) calculated by the UB3LYP-D3(BJ)/6-311G* method. Positive (blue) 

and negative (green) spin densities are shown. 

 

 

In a nitrogen-filled glove box, to a solution of 1c (17 mg, 0.0310 mmol) in freshly dried THF-d8 (0.4 mL) was added potassium 

metal (8.0 mg, 0.21 mmol) which was washed by hexane to remove mineral oil. After the reaction mixture was stirred for 3 h 

at room temperature, insoluble materials were removed by filtration to afford as a red solution of 2K∙1c2‒. According to the 

NMR monitoring, 2K∙1c2‒ was generated quantitatively. 

1H NMR (600 MHz, THF-d8) 6.61 (s, 2H, 12-H), 6.54 (s, 4H, 18-H), 5.06 (t, J = 7.5 Hz, 2H, 4-H), 4.79 (d, J = 7.8 Hz, 2H, 3-

H), 3.26 (d, J = 7.2 Hz, 2H, 5-H), 2.94 (s, 1H, 8-H), 2.57 (s, 12H, 20-H) , 2.11 (s, 3H, 15-H) , 2.01 (s, 6H, 21-H) , 1.97 (s, 6H, 

14-H); 13C NMR (150 MHz, THF-d8) 147.7 (s, C-6), 145.9 (s, C-16), 145.1 (d, C-8), 138.9 (s, C-17), 138.3 (s, C-10), 137.7 (s, 

C-11), 131.7 (s, C-13), 131.6 (s, C-19), 131.4 (s, C-2), 128.3 (d, C-18), 127.7 (d, C-12), 125.6 (s, C-9), 124.2 (d, C-4), 111.1 

(d, C-3), 102.6 (d, C-5), 97.3 (s, C-7), 96.6 (s, C-1), 21.6 (q, C-14), 21.3 (q, C-20), 21.0 (q, C-15), 20.8 (q, C-21). 
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Supporting Information 

4,8,10-Trimesitylcyclohepta[def]fluorene 1c  

 

Figure S5. ORTEP drawings of 1c at the 50% probability level. 

Empirical Formula 
Formula Weight 
Crystal Color, Habit 
Crystal Dimensions 
Crystal System 
Lattice Type 
Lattice Parameters 
 
 
 

C46H47 (C43H40+1/2(C6 H14)) 
599.83 
black, block 
0.158 × 0.098 × 0.065 mm 
monoclinic 
Centered on C faces 
a = 31.0962(11) Å 
b = 7.51750(10) Å 
c = 32.6029(10) Å 
 = 113.773(4) ° 
V =6974.8(4) Å3  

 Space Group 
Z value  
Dcalc 
F000 
(CuK) 
Temperature 
Data/restraints/parameters 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (all data) 
Goodness of Fit Indicator 
 

C2/c (#15) 
8 
1.142 g/cm3 
2584.0 
0.478 mm-1 

123 K 
6941/0/425 
0.0867 
0.2543 
1.073 
 

 

8,10-Dimesityl-4-(2,4,6-triisopropylphenyl)cyclohepta[def]fluorene 1d  

 

Figure S6. ORTEP drawings of 1d at the 50% probability level. 



 123 

Empirical Formula 
Formula Weight 
Crystal Color, Habit 
Crystal Dimensions 
Crystal System 
Lattice Type 
Lattice Parameters 
 
 
 

C49H52 
640.90 
black, block 
0.186 × 0.104 × 0.094 mm 
monoclinic 
Primitive 
a = 8.08290(10) Å 
b = 26.4830(3) Å 
c = 18.0574(2) Å 
 = 99.2300(10) ° 
V =3815.31(8) Å3  

 Space Group 
Z value  
Dcalc 
F000 
(CuK) 
Temperature 
Data/restraints/parameters 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (all data) 
Goodness of Fit Indicator 
 

P21/n (#14) 
4 
1.116 g/cm3 
1384.0 
0.465 mm-1 

123 K 
7731/0/475 
0.0475 
0.1225 
1.026 
 

 

8,10-Dimesityl-4-(2,6-dichlorophenyl)cyclohepta[def]fluorene 1e 

 

Figure S7. ORTEP drawings of 1e at the 50% probability level. 

Empirical Formula 
Formula Weight 
Crystal Color, Habit 
Crystal Dimensions 
Crystal System 
Lattice Type 
Lattice Parameters 
 
 
 

C40H32Cl2 
583.55 
black, block 
0.169 × 0.144 × 0.116 mm 
monoclinic 
Body centered 
a = 12.8249(2) Å 
b = 17.2461(3) Å 
c = 13.4855(2) Å 
 = 95.6800(10) ° 
V = 2968.07(8) Å3  

 Space Group 
Z value  
Dcalc 
F000 
(CuK) 
Temperature 
Data/restraints/parameters 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (all data) 
Goodness of Fit Indicator 
 

I2/a (#15) 
4 
1.306 g/cm3 
1224.0 
2.169 mm-1 

123 K 
3019/0/195 
0.0363 
0.0992 
1.117 
 

 

4,8,10-Trimesityl-4,8-dihydrocyclohepta[def]fluoren-8-ylium tetrafluoroborate 2c‧BF4  

 

 

Figure S8. ORTEP drawings of 2c‧BF4 at the 50% probability level. 

Empirical Formula 
Formula Weight 
Crystal Color, Habit 
Crystal Dimensions 
Crystal System 
Lattice Type 

C43H41BF4 
644.57 
red, block 
0.154 × 0.135 × 0.093 mm 
monomeric 
Primitive 

 Space Group 
Z value  
Dcalc 
F000 
(CuK) 
Temperature 

P21/c (#14) 
4 
1.226 g/cm3 
1360.0 
0.679 mm–1 

123 K 
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Lattice Parameters 
 
 
 
 

a = 13.12580(10) Å 
b = 17.3619(2) Å 
c = 15.5055(2) Å 
 = 98.9060(10) °  
V = 3490.93(7) Å3 

Data/restraints/parameters 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (all data) 
Goodness of Fit Indicator 

7098/0/442 
0.0665  
0.1674 
1.056 

 

 

Figure S9. ORTEP drawings of 1c•+∙SbF6 at the 50% probability level. 

Empirical Formula 
 
 
 
 
Formula Weight 
Crystal Color, Habit 
Crystal Dimensions 
Crystal System 
Lattice Type 
Lattice Parameters 
 
 
 

C43.25H40Cl0.5F6Sb 
(C43H40+SbF6+1/4(CCl2)) 
Due to the disorder of a 
CH2Cl2 molecule, the riding 
of hydrogen atoms failed. 
813.23 
red, block 
0.163 × 0.087 × 0.063 mm 
monoclinic 
Centered on C faces 
a = 25.8138(8) Å 
b = 18.5685(6) Å 
c = 16.9257(4) Å 
 = 94.486(3) ° 
V = 8088.0(4) Å3  

 Space Group 
Z value  
Dcalc 
F000 
(CuK) 
Temperature 
Data/restraints/parameters 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (all data) 
Goodness of Fit Indicator 
 

C2/c (#15) 
8 
1.336 g/cm3 
3304.0 
6.184 mm-1 

123 K 
8017/1/551 
0.0505 
0.1486 
1.059 
 

 

 

Figure S10. ORTEP drawings of Na‧1d•‒ at the 50% probability level. 
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Empirical 
Formula 
 
 
 
Formula Weight 
Crystal Color, 
Habit 
 
Crystal 
Dimensions 
Crystal System 
Lattice Type 
Lattice 
Parameters 
 
 

C145H192N2Na2O11 

(2(C49 H52+C20H40+C4H3N+Na)+ 
(C3H2O)) 
Due to the disorder of a THF molecule, the perfect 
atoms assignments for the molecule failed. 
2184.97 
blue-green, block 
0.32 × 0.276 × 0.091 mm 
triclinic 
Primitive 
a = 12.8908(4) Å 
b = 13.8879(4) Å 
c = 20.7783(4) Å 
 = 73.757(2) ° 
 = 84.208(2) ° 
 = 65.535(3) ° 
V = 3250.25(17) Å3  

 Space Group 
Z value  
Dcalc 
F000 
(CuK) 
Temperature 
Data/restraints/parameters 
Residuals: R1 (I > 2.00(I)) 
Residuals: wR2 (all data) 
Goodness of Fit Indicator 
 

P -1 (#2) 
1 
1.116 g/cm3 
1186.0 
0.589 mm-1 

123 K 
13172/0/818 
0.0879 
0.2614 
1.035 
 

 

 (A)  (B)  (C)  

Figure S11. Comparisons of top and side views of 1c‒e. The thermal ellipsoids are set at the 50% probability 

level. 

 

Figure S12. Summary for the observed bond lengths (/Å) for 1c‒e, 1c•+, and 1d•‒. 
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Figure S13. HOMA values calculated from the observed bond lengths for 1c‒e, 1c•+, and 1d•‒. 

 

 

Figure S14. Partial 1H NMR spectra of (A) 1c and (B)1c with CF3SO3H in CDCl3 (rt, 400 MHz). Due to the 

open-shell nature, no signal for 1c except for solvent was observed at room temperature. 
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 (A) (B)  

Figure S15. ESR spectra of a glassy toluene sample of 1c at 170–110 K. (A) Temperature-dependent ESR 

spectra for (A) Ms = ±1 and (B) Ms = ±2 half-field signals. 

 

 

Figure S16. ESR spectrum of a glassy toluene sample of 1c at 170 K (g-value = 2.0027). The microwave 

frequency used was 9.57856 GHz. The zero field splitting parameters were determined as ǀDǀ = 20.3 mT = 

0.0190 cm–1, ǀEǀ = 2.43 mT = 0.00227 cm–1 (line width parameters; x = 1.00 mT, y = 1.40 mT, z = 1.20 mT) 

by the spectral simulation. 

 

Figure S17. ESR spectra of a toluene solution of 1c at 295–220 K. The microwave frequency used was 

9.57728 GHz (at 295 K), g-value = 2.0027, Gain = 4480, sweep time = 2 min, modulation amplitude = 0.01 

mT. 
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 (A)  (B)  

Figure S18. ESR spectra of a glassy toluene sample of 1d at 155–110 K. (A) Temperature-dependent ESR 

spectra for (A) Ms = ±1 and (B) Ms = ±2 half-field signals. 

 

 

Figure S19. ESR spectrum of a glassy toluene sample of 1d at 155 K (g-value = 2.0025). The microwave 

frequency used was 9.57854 GHz. The zero field splitting parameters were determined as ǀDǀ = 20.4 mT = 

0.0190 cm–1, ǀEǀ = 2.30 mT = 0.00215 cm–1 (line width parameters; x = 0.70 mT, y = 1.10 mT, z = 1.10 mT) 

by the spectral simulation. 
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Figure S20. ESR spectra of a toluene solution of 1d at 296–200 K. The microwave frequency used was 

9.57880 GHz (at 296 K), g-value = 2.0025, Gain = 4480, sweep time = 2 min, modulation amplitude = 0.01 

mT. 

 

 (A) (B)  

Figure S21. ESR spectra of a glassy o-terphenyl sample of 1e at 310–205 K. (A) Temperature-dependent 

ESR spectra for (A) Ms = ±1 and (B) Ms = ±2 half-field signals. 
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Figure S22. ESR spectrum of a glassy o-terphenyl sample of 1e at 296 K (g-value = 2.0027). The microwave 

frequency used was 9.57854 GHz. The zero field splitting parameters were determined as ǀDǀ = 19.7 mT = 

0.0184 cm–1, ǀEǀ = 2.30 mT = 0.00215 cm–1 (line width parameters; x = 1.00 mT, y = 1.10 mT, z = 1.10 mT) 

by the spectral simulation. 

 

Figure S23. ESR spectra of a toluene solution of 1e at 297–200 K. The microwave frequency used was 

9.57912 GHz (at 297 K), g-value = 2.0027, Gain = 44800, sweep time = 2 min, modulation amplitude = 0.01 

mT. 
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Figure S24. χpT–T plot of the powdered 1d. The measured data are plotted as open circles. The theoretical 

curve is drawn using the Bleaney–Bowers equation for the singlet–triplet model,68 with the parameter of 

2J/kB (= ES–T) = –454 K (–0.90 kcal/mol), impurity spin contamination = 2.6%, g = 2.00, diamagnetic 

susceptibility = –470×10–6 emu/mol. 

 

 

Figure S25. χpT–T plot of the powdered 1e. The measured data are plotted as open circles. The theoretical 

curve is drawn using the Bleaney–Bowers equation for the singlet–triplet model.68 Due to the limitation of 

the measurement temperature, the increase of the magnetic susceptibility above 300 K was not clear. The 

parameter of 2J/kB (= ES–T) was estimated to be in the range from –2400 K to –2200 K, impurity spin 

contamination = 11.0%, g = 2.00, diamagnetic susceptibility = –363×10–6 emu/mol. In order to determine the 

ES–T of 1e, the temperature-dependent ESR measurements of the same sample was conducted (Figure S26). 
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(A)  (B)  

Figure S26. (A) Temperature-dependent ESR spectra of the solid sample of 1e that was used for the SQUID 

measurements (Figure S25). (B) The change in ESR signal intensity with temperature (○) and the Bleaney–

Bowers fit (—). The parameter of ES–T was estimated to be –2270 K (–4.5 kcal/mol). 

 

 

Figure S27. Temperature-dependent 1H NMR spectra (600 MHz) of 1c in THF-d8. 
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Figure S28. Temperature-dependent 1H NMR spectra (600 MHz) of 1d in THF-d8. 

 

 

Figure S29. Temperature-dependent 1H NMR spectra (600 MHz) of 1e in THF-d8. 
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Figure S30. 1H NMR spectrum (600 MHz, ‒100 ⁰C) of 1e in THF-d8.  

Because of the expanded ES–T of 1e, some proton signals that are assigned to the aryl groups were observed.  

 

 

Figure S31. Electronic absorption spectrum of 1c in THF. Inset shows a magnified view. 
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Figure S32. Electronic absorption spectra of 1c in THF (red), benzene (blue) and CH2Cl2 (green) in the 

region of visible to near-IR.  

 

(A)  (B)  

Figure S33. (A) Periodical measurements of electronic absorption of 1c in THF at n the region of visible to 

near-IR upon exposure to air under room light at room temperature. (B) Plots of the absorbance at 1650 nm 

with time and the half-life time was estimated to be 146 min (2.4 h). 
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Figure S34. Electronic absorption spectrum of 1d in THF. Inset shows a magnified view. 

 

(A)  (B)  

Figure S35. (A) Periodical measurements of electronic absorption of 1d in THF at n the region of visible to 

near-IR upon exposure to air under room light at room temperature. (B) Plots of the absorbance at 1660 nm 

with time and the half-life time was estimated to be 1137 min (19 h). 
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Figure S36. Electronic absorption spectrum of 1e in THF. Inset shows a magnified view. 

 

 

Figure S37. Electronic absorption spectra of 1e in THF (red), benzene (blue) and CH2Cl2 (green) in the 

region of visible to near-IR. 
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(A)  (B)  

Figure S38. (A) Periodical measurements of electronic absorption of 1e in THF at n the region of visible to 

near-IR upon exposure to air under room light at room temperature. (B) Plots of the absorbance at 1600 nm 

with time and the half-life time was estimated to be 4349 min (72.5 h = 3.0 days). 

 

 (A)  
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(B)  

(C)  

Figure S39. (A) Variable-temperature electronic absorption spectra for 1d in THF and magnified views of 

(B) 2200‒550 nm and (C) 550‒350 nm regions. 

 

Computational method 

General 

Electronic structures of open-shell molecular systems exhibiting spin- and charge-polarized resonance structures are in general 

difficult to be described by quantum chemical calculations. Results of geometries, energies, and properties from the quantum 

chemical calculations are very sensitive to the quality of approximation method, namely, balanced description of each canonical 

form in the resonance structure is needed. In principle, multi-configurational methodologies, such as multi-reference 

perturbation theory (MRPT) with sufficiently large active space, are necessary to gain the electron correlation effect, even 

though applications of such methods may usually be limited to the single-point calculations because of their high computational 

costs. Based on these features, we have carefully performed theoretical analysis on the geometries, electronic structures, and 
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properties of the present systems. All the calculations were performed using Gaussian 09 program package, except for the 

excitation properties. 

 

Optimization 

At first, we have performed geometry optimizations followed by frequency analysis for 1c‒1e in the singlet and triplet states 

at the spin-restricted (R) and -unrestricted (U)CAM-B3LYP-D3/def2-SVP levels, respectively. Figure S40 shows the results of 

optimized geometries in the singlet and triplet states. Structures of the bis-periazulene core part in the singlet state of 1c and 

1d were predicted to have C2v-like symmetry by theoretical calculations whereas those of the X-ray structures were more CS-

like. However, the theoretical and experimental bond lengths are found to be very close to each other. 

 

 Singlet Triplet 

1c 

  

1d 

  

1e 
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Figure S40. Comparison of theoretical geometries in the singlet (left) and triplet (right) states for 1c (top), 

1d (middle) and 1e (bottom). Bond lengths are given in Å. 

 

NICS and AICD calculations 

Aromatic characters of the bis-periazulene derivative were investigated by evaluating the nucleus-independent chemical shift 

(NICS) and the aromaticity of the induced current density (ACID). We evaluated the NICS(1) and ACID for the bis-periazulene 

core part (1a') where the geometry was taken from that of X-ray geometry of 1d.  Here, all the Trip- and Mes- groups in 1d 

were replaced by hydrogen (H) atoms, and then only the positions of H atoms were optimized at the RCAM-B3LYP/def2-SVP 

level. Magnetic response properties were evaluated at the GIAO- or CSGT-UCAM-B3LYP/def2-SVP level. Electrostatic 

potential (ESP) maps ware also evaluated at the same level. Since the X-ray geometry was very slightly deviated from the 

planar structure, the NICS(1) value for each ring was evaluated from the average of the NICS values 1 Å above and below the 

molecular plane. 

 (A)  (B)  

Figure S41. (A) AICD plots with NICS(1) values (/ppm, bold) of 1a' at the GIAO- or CSGT-UCAM-

B3LYP/def2-SVP level. (B) Electrostatic potential (ESP) map of 1a' at the UCAM-B3LYP/def2-SVP level. 

 

Molecular diagrams for the singlet and triplet states  

We here compared the results of frontier π-MOs of 1c in the singlet and triplet states calculated at the UCAM-B3LYP/def2-

SVP level. Diradical characters yi for the singlet state were evaluated at the PUHF/def2-SVP level.  As shown in Table S3, 

these bis-periazulene derivatives are predicted to exhibit weak open-shell characters.  Judging from the topologies and 

symmetries of MOs, the frontier π-MOs illustrated in Figures S43 and S44 are expected to be important to describe the 

electronic structures of bis-periazulene derivatives. Actually, the values of y0 and y1 are found to be comparable to each other, 

meaning that these systems are expected to show weak multiradical characters. Even though substituent effects on y0/y1 

(wavefunction characters) in the singlet state are found to be very slight, singlet‒triplet gaps (energetics) can be more sensitive 

to the substituent species. 

 

Table S3. Results of yi calculated at the PUHF/def2-SVP level. 

 y0 y1 

1c 0.229 0.168 

1d 0.232 0.168 

1e 0.218 0.164 
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Figure S43. Frontier molecular orbitals of 1c in the singlet state at the UCAM-B3LYP/def2-SVP//RCAM-

B3LYP-D3/def2-SVP level. 

 

 

Figure S44. Frontier molecular orbitals of 1c in the triplet state at the UCAM-B3LYP/def2-SVP//UCAM-

B3LYP-D3/def2-SVP level. 
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Singlet Triplet 

  

Figure S45. Spin density maps of 1c in the singlet and triplet states calculated at the UHF/def2-SVP level 

with the contour values of 0.06. Positive (blue) and negative (green) spin densities are shown. 

 

Excited state calculations including singlet-triplet energy gaps 

As explained in the previous section, electronic structures of the present systems are difficult to be treated theoretically. In 

general, well-balanced descriptions of both the charge- and spin-polarized electronic structures are needed for the open-shell 

singlet state. Judging from the frontier MO level structures and the results of y0 and y1, at least four frontier MOs, i.e., HOMO‒

1, HOMO, LUMO and LUMO+1 should be considered as the active orbital space. We therefore performed the ground and 

excited state calculations at the state-averaged (SA-)CASSCF(4e,4o)/def2-SVP level. Here, density matrices of the lowest five 

roots in the CASSCF solution are averaged. Then, we performed the quasi-degenerate second-order n-electron valence state 

perturbation theory (QD-NEVPT2) calculations using the SA-CASSCF solution as the zeroth-order wavefunction. We 

employed strongly-contracted (SC-)NEVPT2 for the PT2 method, and explicitly Hermitian effective Hamiltonian during the 

QD calculations, i.e., QD-SC-NEVPT2. During these calculations, we employed the def2-SVP/C auxiliary basis functions for 

the resolution of the identity (RI) approximation.69 These calculations were performed using ORCA 4.2 program package.  

For the singlet‒triplet energy gaps, we performed the QD-SC-NEVPT2 calculations for both the singlet and triplet optimized 

geometries, and then the adiabatic singlet-triplet energy gaps were evaluated (Table S4). For the zero-point vibrational energy 

(ZPVE) corrections, we approximately employed the ZPVE values obtained from the frequency calculations at the R/U-CAM-

B3LYP-D3/def2-SVP levels. Vertical singlet excitation energies related to the assignment of UV-vis absorption bands were 

also investigated at the time-dependent (TD-)UCAM-B3LYP/def2-SVP (Tables S5‒S10) and QD-SC-NEVPT2 levels (Tables 

S11‒S12). Theoretical calculations at the present level also predicted that the singlet-triplet gaps of 1c/1d are larger than that 

of 1e, although the results of y0/y1 are close to each other. Relative peak positions and intensities of UV-vis absorption bands 

(and its temperature dependence due to the thermal equilibrium of singlet and triplet states) were also reproduced well by both 

the present TD-UCAM-B3LYP and QD-SC-NEVPT2 calculations, even though the TD-UCAM-B3LYP results tend to 

overestimate the experimental excitation energies to some extent. Weak absorption band in the long-wavelength region is 

characterized by the HOMO-LUMO single-electron transition. 
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Table S4.  Results of singlet‒triplet gaps.  

 Adiabatic 

/ kcal mol‒1 

Adiabatic + ZPVE 

/ kcal mol‒1 

1c –3.37 –2.67 

1d –2.97 –2.77 

1e –5.29 –4.65 

 

Table S5. TD-DFT results of vertical singlet-singlet transitions (f > 0.01) for 1c at the S0 optimized geometry 

calculated at the TD-UCAM-B3LYP/def2-SVP//RCAM-B3LYP-D3/def2-SVP. a) 

Root number Excitation energy / eV 

(wavelength / nm) 

Excitation amplitudes (abs. > 0.3) 

 

Oscillator strength f 

2 

(<S2> = 0.012) 

0.7554 (1641.3) 0.70105 

–0.70061 

(149β – 150β) 

(149α – 150α) 

0.0107 

5 

(<S2> = 0.017) 

2.2902 (541.4) 0.70079 

0.70069 

(149β – 151β) 

(149α – 151α) 

0.0754 

6 

(<S2> = 0.064) 

2.4935 (497.2) 0.69510 

0.69493 

(148β – 150β) 

(148α – 150α) 

0.0814 

17 

(<S2> = 0.073) 

3.6467 (340.0) 0.44006 

–0.43873 

–0.39008 

0.39011 

(147β – 150β) 

(147α – 150α) 

(148β – 151β) 

(148α – 151α) 

0.0115 

21 

(<S2> = 0.847) 

3.8627 (321.0) –0.30432 

0.30935 

(141β – 150β) 

(141α – 150α) 

0.0460 

a) <S2> of the initial (S0) state at the UCAM-B3LYP/def2-SVP level is calculated to be 0.0198. Here, the 149th and 150th MOs 

are HOMO and LUMO, respectively. 

 

Table S6. TD-DFT results of vertical triplet-triplet transitions (f > 0.01) for 1c at the T1 optimized geometry 

calculated at the TD-UCAM-B3LYP/def2-SVP//UCAM-B3LYP-D3/def2-SVP. a)   

Root number Excitation energy / eV 

(wavelength / nm) 

Excitation amplitudes (abs. > 0.3) 

 

Oscillator strength 

2 

(<S2> = 2.144) 

2.3363 (530.7) 0.78847 

–0.58066 

(148β – 149β) 

(150α – 151α) 

0.0111 

3 

(<S2> = 2.494) 

3.1585 (392.5) 0.67792 

–0.46846 

(145β – 149β) 

(149α – 151α) 

0.0520 

8 

(<S2> = 2.733) 

3.5083 (353.4) 0.63343 (148β – 150β) 

 

0.0319 

10 

(<S2> = 2.125) 

3.6802 (336.9) 0.80738 

–0.36213 

(141β – 150β) 

(145β – 150β) 

0.0468 

a) <S2> of the initial (T1) at the UCAM-B3LYP/def2-SVP level is calculated to be 2.1354. Here, the 148th MO is the highest 

doubly occupied MO, the 149th and 150th MOs are singly occupied MOs, and the 151th MO is the lowest vacant MO, 

respectively, in the triplet configuration. 

 

Table S7. TD-DFT results of vertical singlet-singlet transitions (f > 0.01) for 1d at the S0 optimized geometry 

calculated at the TD-UCAM-B3LYP/def2-SVP//RCAM-B3LYP-D3/def2-SVP. a) 

Root number Excitation energy / eV 

(wavelength / nm) 

Excitation amplitudes (abs. > 0.3) 

 

Oscillator strength f 

2 

(<S2> = 0.017) 

0.7443(1665.7) 0.67302 

0.72754 

(173β – 174β) 

(173α – 174α) 

0.0100 

5 

(<S2> = 0.035) 

2.2838 (542.9) 0.70624 

0.69376 

(173β – 175β) 

(173α – 175α) 

0.0758 

6 2.4928 (497.4) 0.70008 (172β – 174β) 0.0852 
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(<S2> = 0.110) –0.68141 (172α – 174α) 

21 

(<S2> = 0.329) 

3.8403 (322.9) 0.35569 

0.34350 

–0.34240 

0.30178 

0.32714 

–0.35111 

(165β – 174β) 

(165α – 174α) 

(173β – 182β) 

(173α – 182α) 

(172β – 175β)  

(172α – 175α) 

0.0696 

a) <S2> of the initial (S0) state at the UCAM-B3LYP/def2-SVP level is calculated to be 0.0411. Here, the 173th and 174th MOs 

are HOMO and LUMO, respectively. 

 

Table S8. TD-DFT results of vertical triplet-triplet transitions (f > 0.01) for 1d at the T1 optimized geometry 

calculated at the TD-UCAM-B3LYP/def2-SVP//UCAM-B3LYP-D3/def2-SVP. a)   

Root number Excitation energy / eV 

(wavelength / nm) 

Excitation amplitudes (abs. > 0.3) 

 

Oscillator strength 

2 

(<S2> = 2.150) 

2.3499 (527.6) 0.80486 

–0.55698 

(172β – 173β) 

(174α – 175α) 

0.0104 

3 

(<S2> = 2.315) 

3.1808 (389.8) 0.85659 (173α – 175α) 0.0498 

8 

(<S2> = 2.870) 

3.4966 (354.6) 0.57388 

–0.33815 

(172β – 174β) 

(169β – 173β) 

0.0306 

10 

(<S2> = 2.124) 

3.6768 (337.2) 0.83511 

–0.30780 

(165β – 174β) 

(169β – 174β) 

0.0434 

a) <S2> of the initial (T1) at the UCAM-B3LYP/def2-SVP level is calculated to be 2.1345. Here, the 172th MO is the highest 
doubly occupied MO, the 173th and 174th MOs are singly occupied MOs, and the 175th MO is the lowest vacant MO, 
respectively, in the triplet configuration. 

 

Table S9. TD-DFT results of vertical singlet-singlet transitions (f > 0.01) for 1e at the S0 optimized geometry 

calculated at the TD-UCAM-B3LYP/def2-SVP//RCAM-B3LYP-D3/def2-SVP. a) 

Root number Excitation energy / eV 

(wavelength / nm) 

Excitation amplitudes (abs. > 0.3) 

 

Oscillator strength f 

2 

(<S2> = 0.000) 

0.8583 (1444.5) 0.70285 

0.70285 

(153β – 154β) 

(153α – 154α) 

0.0126 

5 

(<S2> = 0.000) 

2.3972 (517.2) 0.70103 

0.70103 

(153β – 155β) 

(153α – 155α) 

0.0776 

6 

(<S2> = 0.000) 

2.4975 (496.4) 0.70108 

0.70108 

(152β – 154β) 

(152α – 154α) 

0.0795 

20 

(<S2> = 0.000) 

3.8546 (321.7) 0.50080 

0.50080 

–0.35332 

–0.35332 

(152β – 155β) 

(152α – 155α) 

(153β – 162β) 

(153α – 162α) 

0.1200 

a) <S2> of the initial (S0) state at the UCAM-B3LYP/def2-SVP level is calculated to be 0.0000, meaning that the open-shell 

solution reduces to the closed-shell one. Here, the 153th and 154th MOs are HOMO and LUMO, respectively. 

 

Table S10. TD-DFT results of vertical triplet-triplet transitions (f > 0.01) for 1e at the T1 optimized geometry 

calculated at the TD-UCAM-B3LYP/def2-SVP//UCAM-B3LYP-D3/def2-SVP. a)   

Root number Excitation energy / eV 

(wavelength / nm) 

Excitation amplitudes (abs. > 0.3) 

 

Oscillator strength 

2 

(<S2> = 2.129) 

2.2809 (543.6) 0.70449 

0.68180 

(152β – 153β) 

(154α – 155α) 

0.0123 

3 
(<S2> = 2.527) 

3.1572 (392.7) 0.80034 (147β – 153β) 
 

0.0284 

5 3.3146 (374.1) 0.72026 (153α – 155α) 0.0221 
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(<S2> = 2.604) –0.43599 (152β – 154β) 

8 

(<S2> = 2.358) 

3.5238 (351.9) 0.71256 

0.38795 

0.31219 

(152β – 154β) 

(153α – 155α) 

(143β – 153β) 

0.0238 

9 

(<S2> = 2.529) 

3.6557 (339.2) 0.74077 

–0.37015 

0.30997 

(145β – 153β) 

(151α – 155α) 

(146β – 153β) 

0.0281 

10 

(<S2> = 2.243) 

3.6937 (335.7) 0.82940 (147β – 154β) 0.0288 

a) <S2> of the initial (T1) at the UCAM-B3LYP/def2-SVP level is calculated to be 2.1371. Here, the 152th MO is the highest 

doubly occupied MO, the 153th and 154th MOs are singly occupied MOs, and the 155th MO is the lowest vacant MO, 

respectively, in the triplet configuration. 

 

Table S11. QD-SC-NEVPT2 results of vertical singlet-singlet transitions at the S0 optimized geometry.  

 1c 1d 1e 

S0‒S1 1887.5 nm (f = 0.017) 1896.5 nm (f = 0.017) 1698.0 nm (f = 0.020) 

S0‒S2 780.3 nm (f = 0.050) 782.8 nm (f = 0.045) 739.5 nm (f = 0.067) 

S0‒S3 582.2 nm (f = 0.019) 579.8 nm (f = 0.020) 576.2 nm (f = 0.013) 

S0‒S4 542.7 nm (f = 0.127) 548.3 nm (f = 0.129) 508.6 nm (f = 0.120) 

 

Table S12. QD-SC-NEVPT2 results of vertical triplet-triplet transitions at the T1 optimized geometry. 

 1c 1d 1e 

T1‒T2 751.5 nm (f = 0.002) 752.2 nm (f = 0.002) 757.7 nm (f = 0.000) 

T1‒T3 645.3 nm (f = 0.036) 643.9 nm (f = 0.033) 662.8 nm (f = 0.044) 

T1‒T4 472.4 nm (f = 0.038) 477.0 nm (f = 0.038) 457.5 nm (f = 0.020) 

T1‒T5 451.8 nm (f = 0.038) 452.9 nm (f = 0.037) 447.3 nm (f = 0.053) 

 

We also compared the diradical properties of 1c using the theoretical and experimental geometries, since the 

(pseudo-)symmetry of the bis-periazulene core part are C2v-like and Cs-like, respectively. For the X-ray geometry, only the 

positions of H atoms were optimized at the RCAM-B3LYP/def2-SVP level. Then, calculation results of diradical characters 

and vertical singlet‒triplet gaps were compared (Table S13). Difference of the results using theoretical and experimental 

geometries is found to be small (e.g., ~1 kcal/mol in the vertical singlet‒triplet gap). 

 

Table S13. Results of vertical singlet‒triplet gaps of 1c (-Mes) using the theoretical (C2v-like) and 

experimental (Cs-like) geometries.  

 Theoretical geometry 

/ kcal mol‒1 

Experimental geometry 

/ kcal mol‒1 

y0/y1 0.229/0.168 0.237/0.166 

Vertical singlet‒triplet gap –10.51 –9.32 
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Conclusion 

This thesis descibes the synthesis and characterization of benzo-annulated non-alternant hydrocarbons 

with (anti)aromaticity and/or open-shell character. The author focused on bicyclic non-alternant 

hydrocarbons, pentalene, heptalene, and azulene. The embedded quinoidal subunits in π-extended non-

alternant hydrocarbons played a pivotal role in determining their electronic properties. 

 

In Chapter 1, the author examined the interrelation between open-shell and anti-aromatic characters by 

comparing four types of diareno[a,f]pentalenes. Two simple principles as the main factors to determine the 

balance between open-shell and antiaromatic characteristics were demonstrated: the mode of the o-quinoidal 

moiety and the formal molecular symmetry. This conclusion can easily be broadened to other open-shell 4nπ-

conjugated systems. 

 

In Chapter 2, the author described the potential application of diareno[a,f]pentalene to organic devices. A 

dinaphtho[2,1-a:2,3-f]pentalene was adequately stable under ambient conditions and showed the 

intermolecular contacts derived from CH‒π interactions in the crystal packing. These features suggests its 

potential as an organic hole transport material. The amorphous layer of this molecule showed moderate 

mobility despite having bulky substituents, and further molecular modification is expected to improve the 

mobility. 

 

In Chapter 3, the author focused on the comparison of optoelectronic properties between alternant and 

non-alternant hydrocarbons under the same molecular symmetry. The author designed the derivative of 

difluorenoheptalene. Notably, it is the first report dealing with a planar heptalene derivative. The synthesized 

difluorenoheptalene showed the harmonization of the open-shell character with antiaromatic properties. The 

interconversion of two o-quinoidal units in difluorenoheptalene effectively induced the antiaromatic nature 

on the heptalene unit. Because of the antiaromatic and open-shell character of difluorenoheptalene, the 

electronic HOMO–LUMO gap was smaller than that of bistanethene. 

 

In Chapter 4, the author synthesized and characterized bis-periazulene derivatives, which had not been 

synthesized for several decades. Although some previous theoretical reports showed a pristine bis-

periazulene has a triplet ground state, the derivative with three aryl groups was experimentally disclosed its 

ground state was singlet. The energy gap between singlet ground state and thermally excited triplet state was 

considerably small and critically affected by the substituent on its pentagon.  

 

The findings of this study show that the characteristic properties of non-alternant hydrocarbons can be 

realized with minimal π-extension. It is expected to be an important guideline for future molecular design 

using conjugated hydrocarbons. 
 


